Chemical and genetic studies with poliovirus by Tannock, Gregory Austin
• 
Chemical and Genetic Studies with Poliovirus 
by 
Gregory Austin Tannock 
A thesis submitted for the degree of 
Doctor of Philosophy in the Australian 
National University 
Department of Microbiology , 
The John Curtin School of Medical Research. 
October 1969. 
STATEMENT 
The experimental work reported in this thesis was 
carried out entirely by myself, but some aspects of the 
work involved the use of material supplied by others. 
This included: 
1. Temperature-sensitive mutants of poliovirus 
obtained by use of the mutagen 5-fluorouracil and used 
extensively in Experimental Section 2. These mutants 
were isolated and characterised by Dr P.D. Cooper in 
collaboration with Drs B.B. Wentworth and D. McCahon. 
2. Certain radioactively labelled viral markers, 
which were obtained from Drs A.J. Gibbs and 





The Introduction comprises ( A) a review of principa l 
events that occur during the replication of polio,ri us 'tl) 
a consideration of poliovirus genetics, paying particular 
attention to the use of temperature-sens i tive mutants and 
(c) a brief outline of methods currently ava~lable for 
det ermining the molecular weight of viral RNA . 
The experimental work is reported in three sections. 
The first describes the isolation of ts mutants of 
poliovirus after treatment of poliovirus infectious RNA 
with the mut a gen nitrous acid or the exonucle ase snake 
venom phosphodiesterase. The kinetics of inactivation for 
either reagent was studied. It was hoped to produce 
deletion mutants at the J~-terminus of the viral RNA wi~h 
venom phosphodiesterase. 
Three of the best of the mutants were used in 
recombination tests and each was shown to have at l east 
one defect in the region of the genome concerned with viral 
RNA synthesis . Reasons are given for believing that the 
mutants obtained after treatment with snake venom 
phosphodiesterase d id not arise from exonuclease activity 
In the Second Section, a polymerase assay for 
poliovirus strain ts+ in U cells is described, and its 
principal characteristics are outlined. Maximum e n zyme 
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levels were obtained in cells after 6 hours of' ts + 
infection at 37.2° C, and the RNA product consisted of a 
complex of viral single- and double- stranded material. 
The double- stranded RNA of the complex had a similar 
sedimentation coefficient and thermal transition 
properties to that of in vivo labelled Replicative Form 
RNA. 
All ts mutants and ts+ induced lower levels of 
polymerase after growth in cells at 39.5° C. The 
optimum temperature for the induction of ts-20 polymerase 
was shown to be 34.5 - 35° C compared with 37° C for ts+e 
In vitro studies indicated that the ts defect did no t 
result from thermolability caused by alterations to the 
completed mutant polymerase molecule due to amino acid 
substitution. 
In Experimental Section 3 attempts were made to 
compare the molecular weight of poliovirus RNA with several 
well characterised RNA molecules by (a) sucrose-gradient 
centrifugation under conditions in which RNA secondary 
structure was minimised and, (b) electrophoresis in 
polyacrylamide gel s. 
In sucrose-formaldehyde gradient s poliovirus RNA 
appeared to have a sedimentation coefficient slightly 
higher than that of TMV RNA, suggesting that the molecular 
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weight of poliovirus RNA was i n the range 2 . 1 - 2.2 x J_ ( • • .J 
daltons. However , this figure i s open t o questio n in 
consequence of a similar comparat ive s t udy using poliovirus 
and bacteriophage Rl7 RNA; relativ e l y poor r e solution was 
achieved in the presence of fo rnaldehyde, desp i te an 
anticipated two fold difference in their molecular weights .. 
The contribution of r esidual se c ondary structure remains 
unknown. Semliki F orest virus ( SFV ) RNA, as r e pres e nted 
by its 26 S 1 interjacent 1 form 1 appears to have a 
molecular weight of between 1 and 2 x 1 06 daltons. 
Much better resolution was ach i e v e d between various 
RNA species after electrophoresis in 2.4 per c ent 
polyacrylamide gels. The mo l ecular weight of poliovirus 
RNA, obtained by extrapolation in comparison with other 
markers, was shown to be 2.4 - 2 .6 5 x 1 06 d altons. The 
effect of RNA secondar y structure on such an estimation 
is also unknown. 
F indings from the t h ree Experimental Sections are 
fin ally discussed in relation to one another and as a 
basis for further studies. 
INTRODUCTION 
.Poliovirus is a small icosahedral virus of' diameter 
about JO mµ who e complete particl e or vir i on comprises a 
single length of ribonuclei c a c id (RNA) (s haffer, 1962) 
which is u rounded by a protein c ap id containing four or 
five pro eins (Summers, Maizel and Darnell 1965 9 Coo per , 
1969). The host range of the virus is restric ed to 
cer ain primate ells and specifici y is determined by 
lipop. o ein receptor substances in the 
(Hol.land and HoyerJ 1962). 
e .1.1. membrane 
Poliovirus is probably the best studied of all animal 
viruses and the reasons for this are, in part, historical 
poliovirus being the identifiable agent of a serious 
human affliction - and, in part, due to certain unique 
properties of' the viruse Poliovirus is at onc e highly 
stable 1 easily cultivable and assayed in cell culture and 
readi y purifiedo It also possesses the advantage of 
having a relatively small genome (mole u .lar weight about 
2 x 106 daltons), which implies a mechanism of' 
replication that is simple in comparison with other animal 
viruses. Finally, replica ion occurs in the absence of 
normal cel.1ular DNA function, which considerably simp ifies 
the biochemi al elucidation of the infectious process. 
The introduction to this thesis comprises a review of 
se eral different aspects of recent work related to the 
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Experimental Sections. It commences with a des c ription of 
the principal events in the infectious cycle of poliovirus 
and is followed b a consideration of its geneti c s. 
Finally, a short review will be given of methods currently 
available for the estimation of the molecular weight of 
viral RNA. 
A. Princip~]:_Features of the Growth of Poliovirus 
A.l Chara teristics of the_Q:rowth Cycle 
The growth cycle of poliovirus in cultured cells has 
been investigated by a number of workers (Howes and 
Melnick, 1957; Darnell, Levintow, Thoren and Hooper, 1961 
Coope , 964 a). For poliovirus type I growing in ERK 
cells the latent period, defined operatively as the 
ea liest time at which one infectious unit per cell is 
produced, has been shown to be about 2.6 ~2-8 hours. This 
time is chara terised by random delays within individual 
ells associated with the uptake or eclipse of the 
infecting virus, but the probabili y of such a delay an 
be grea ly lessened by the use of higher mu tipli c ities of 
infection (Cooper, 1964 a). Virus titres continue to 
increase after the onset of the atent period up to 6 
hours after infec ion, when maximum titres are reached o 
Re ease of virus from individual cells is always preceded 
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by maturation (Howes, 1959) and takes place after a 
variable delay, often of the order of several hours. 
A. 2 
A.2.1 
Early Stages of Infection 
Adsorption 
The initial attachment of poliovirus to susceptible 
cells oc urs between virion proteins and specific 
receptors on the ell surface. Adsorption is relatively 
insensitive to temperature, but is dependant upon the 
presence of specific cation concentrations, implying some 
kind of electrosta ic interaction. It is completely 
reversed at low pH, by sodium deoxycho late or by very high 
salt con entrations (Philipson, 1963; Fenwick and Cooper, 
196 2) . Attachment of poliovirus is specific for certain 
primate cells and eel fractionation studies indicate that 
spe ificity is associated with insoluble lipoproteins 
found in the microsomal fraction, which areassociated with 
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Other the ytoplasmic membrane (Holland and M .Laren, 1961). 
primate cells to which poliovirus adsorbs relatively 
ineffi iently in vivo, when cultured in vit_E£ acquire the 
same capa ity for adsorption as that of suscep ib e cells 
(Holland and HoyerJ 1962). 
Probably the best demonstration of the specificity 
of i ion protein/cell re eptor interactions has been that 
of Cords and Holland ( 964). By mixedly infecting HeLa 
ells with poliovirus type I and oxsackie virus Bl, they 
were able to produce high yields of Ymixed' virions, which 
in luded poliovi us RNA enclosed within coxsa k"e virus Bl 
virion proteins e Such virions were then shown to infect 
cultured mice f"broblasts or suckling mice and to produce 
single cycle yields of polioviru~ despite the fact that 
b oth hosts are normally refra tory to infection by 
poliovi us. 
The specificity of the virion protein/ hos receptor 
interac ion ma be by-passed by the use of infectious RNA 
(Darnell and Sawyer, 1960), which may also remove chan e 
d el.ays whi h oc ur at or near the cell surface at the 
initiation of infection (cooper, 1964 b)e 
Penetration and uncoating 
There is mu he iden e tha, for poxviruses and 
myxovi uses, the transport of the infecting virus particle 
a ross he cell membrane occurs by a process of 
engulfment, whereby the particle becomes enclQsed by 
processes of the memb anea Uncoating then occurs within 
the va u es. Such a mechanism is probably an r mal 
cellula process and no one specifi ally adapted to 
transpo of infecting particles. Among the most 
compe ling e idence for this engulfment process, termed 
'viropexis' by Fazekas de St. Groth (1948), are electron 
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mi rographi studies (Silverstein and Marcus, 1964 9 
Da es and Kajioka, 1964), which clearly show stages of the 
invagination process for Newcastle disease and vaccinia 
viruses and demonstrate the enclosure of the virions 
within vacuoles beneath the cell surfacee With poliovirus 
the situation may be different and there is evidence that 
the actual u11 oating process may occur at or near the cell 
memb ane. The actual e lipse process for poliovirus can 
be divided into several stages in temperature dependance. 
0 If adso pion is allowed to take place at O and the 
temperat re hen raised above 23°c, as much as 60=80 per 
.ent of adsorbed virus is rapidly eluted (Joklik and 
Danell, 19613 Fenwick and Cooper, 1962). The eluted 
virus contains normal amounts of' infectious RNA, but the 
apsid proteins a _ e somewhat al.tered in their physi co= 
hemical properties. Attachment of he remaining fraction 
is followed first, by an acid=reversible reduction in 
infectivi y by the ell and then by the acquisi ion of 
resistan e to neu ralising antibody (Fenwick and Cooper, 
196 2) • 
Mande (1967) hasp esented evidence for an 
in a c ellu]ar si e f'or the un oating of polioviruse Using 
light sensi ive virus prepared by growing in the presence 
of neutral red (Wison and Cooper, 1962), he was able to 
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observe differences in the times and rates at which the 
transitions 1 to resistance to neutralisation, 2 to 
photoinactivation (at whi h he considered RNA release to 
occur) and J to final nonrecoverability were attained, 
After adsorption at 25°, Mandel observed that virus which 
'penetrated' the infecting cells, (i.e. was resistant to 
antiserum) could be obtained as full.y infectious 
photosensitive material upon cell lysis. Mandel, however, 
did not rule out a situation whereby the initiation of 
uncoating was extracellular, due to derangement of the 
virion proteins by the cell membrane and the final RNA 
release occurred within vacuoles similar to those 
demonstra ed near the surfaces of cells infected with 
poxviruses or myxoviruses. 
A.J 
A .. J.l 
Molecul~ e ents which occur ~uring ~plication 
Site__£,f virus replication 
There is now much evidence that the entire 
repli a ion of polio irus takes pla e within the cytoplasm 
of infe ted cells. This is suggested by c ell 
fractionation studies (Darnell, 1962 ; Holland and Bassett, 
1964) and from studies of poliovirus antigen synthesis in 
anu eate c toplasm (Cro cker, Pfendt and Sprendlove, 1964, 
Ma cus and Fre~man, 1966)w Repli ation has been shown to 
take place in the absence of cellular DNA function, as is 
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evidenced by its growth in the presence of actinomycin D 
(AMD), a potent inhibitor of cellular transcription (Reich, 
Frank in, Shatkin and Tatum, 1961). More recent reports, 
however, indicate that, under some conditions, the growth 
of poliovirus is actually inhibited by AMD (Grado, Fischer 
and Conteras, 1965; Cooper, 1966j Schaffer and Gordon, 1966). 
Cooper (1966) in a careful analysis of the situation in 
poliovirus infected U cells was able to induce specifically 
the condition of AMD sensitivity under conditions 
of ce u ar insulin starvation. The precise mechanism for 
this phenomenon is unknown, but it seems likely from this 
and other studies on the suppression of cellular RNA 
synthesis (see next section) that the physiological state 
of the cell is a determinant of events in the infectious 
pro ess. 
A.J.2 Effects on host cell macromolecul~ synthesis 
A well characterised feature of the infectious process 
is the appearance after about three hours of polyribosomes 
with a much higher sedimentation coefficient than are 
present in uninfected cells (Penman, Scherrer, Becker and 
Darnell, 1963; Summers and Levintow, 965) . From electron 
micrographs, ribosomes of infected cells appear in clusters, 
unlike those from uninfected cells, which are dispersed 
throughout the cytop asm (Penman et al., 196J). The 
existence of lipoprotein vesicles surrounding the ribosome 
clusters is suggested by the need to treat cytoplasmic 
extracts of infected cells with surface active agents, 
such as sodium deoxycholate, in order to demonstrate 
polyribosomes by sedimentation analysis (Penman, Becker 
and Darnell, 1964)0 These supposed vesicles have been 
termed 'Virus Synthesising Bodies 1 and similar findings 
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have been noted for cells infected with encephalomyocarditis 
virus (EMC) by Dalgarno and Martin, (1965). 
The change in the polyribosome profile that occurs 
in response to infection may be mediated by a viral coded 
protein ~ This is suggested by the work of Willems and 
Penman (1966) who showed that a puromycin-sensitive step 
was necessary for polyribosome synthesis. 
Inhibition of host cellular RNA and protein synthesis, 
and of ribosome maturation, has been described as a 
fea ure of infection by poliovirus (Salzman, Lockart and 
Sebring, 1959; Fenwick, 1963; Zimmerman, Heeter and 
Darne 1, 1963; Hol and 1963; Bablanian, Eggers and Tamm, 
1965), although the actual time of commencement of 
inhi ition so des ribed varies from 1.5 to 3.0 hours after 
infection. Some earlier reports had suggested that lasting 
stimula ion of cellular RNA synthesis actually o curred in 
response to infection (Maasab, Loh and Ackermann, 1957; 
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Ackerman, Loh and Payne, 1959), while in o thers (Cont e ras, 
Taha and Ohlbaum, 1959, Levy, 1961) the stimulation of 
cellul.ar RNA Synthesis appeared rather transitory in 
nature. That inhibition of cellular RNA synthesis, where 
it occurs, is at least partly dependant upon the nature and 
condition of the infected cell is suggested from the work 
of Plagemann and Swim (1966) using mengovirus 1 another 
picornavirus o They found that depression in host cell RNA 
and protein synthesis occurred in infected cells from one 
cell line hut not in another derived f r om he first cell 
ine. 
Where inhibition of host eel RNA and pro ein 
synthesis o ccurs after infection 9 the ra e of inhibition 
has been demonstra ed to be faster than that induced by the 
addition of AMD to uninfected c ells (Penman et alO) 196J). 
This suggests that inhibition occurs by a more co mplex 
mechanism than the mere blocking of cellular DNA 
t anscription .. In virus infected c e lls treated with 
guanidine, the synthesis of viral RNA is arrested but 
inhibition of host cell RNA and protein goes on unimpeded 
(Bablanian et al .. ] 1965) .. Such inhibition is blocked by 
puromycin1 but not by actinomycin D, whi h indi ates that 
a protein, coded for by RNA from the infecting virus
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is 
involved (Penman and Summers, 1965). 
Inhibition of cellular DNA synthesis occurs as a 
result of infection (Salzman et al . , 1959; Holland and 
Peterson, 1964), although preformed cellular DNA is 
apparently not degraded. Inhibition first occurs 
3 - 4 hours after infection, or somewhat later than the 
inhibition of cellular RNA and protein synthesis and is 
probably related to a decline in levels of DNA primed-RNA 
polymerase in infected cells reported by Holland (1962) 
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and Holland and Peterson (1964) . The genetic nature of this 
inhibition is suggested by Cooper, Johnson and Garwes (1966), 
who obtained mutants of poliovirus which were defective in 
their capacity to inhibit DNA synthesis in infected cells o 
In summary, considerable changes in normal host cell 
macromolecular synthesis frequently occur as a result of 
infection and there is much evidence to support the view 
that such changes are manifest by novel protein(s), coded 
for by the RNA of the infecting virus. However the 
postulation of some kind of interplay between the host cell 
and the inhibitory process is probably necessary, in order 
to account for the many instances where inhibition has not 
been observed. 
A . J . J Viral RNA Replication 
(a) Kinetics and location of RNA synthesis 
The synthesis of poliovirus RNA has been demonstrated 
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to commence about J0-60 minutes after infection (Baltimore? 
Girard and Darnell, 1966) and continues e.xponentiall.y 
during the first 2.5 hours before slowing down. Viral RNA 
synthesis demands the concomittant synthesis of protein and 
may be inhibited by the addition of antagonists of protein 
synthesis 1 such as puromycin and p - fluorophenylalanine 
(Wecker and Schonne 1 1961; Levintow 1 Thoren 1 Darnell and 
Hooper, 1962) o 
The actual site for viral RNA replication appears to 
be the Poliovirus Replication Complex (Girard, Bal imore 
and Darnell 1 1967)0 These are large bodies , heterogeneous 
in size, but with a mean sedimentation value of 250S, which 
can be released from Virus Synthesising Bodies wi h sodium 
deoxycholate. The Replication Complex contains no 
ribosomes and may be broken down with pronase or sodium 
dodecyl sulphate into a smaller structure sedimenting at 
J0-70S. Viral RNA polymerase activity is asso ciat ed with 
the Replication Complex, as indeed are the main RNA 
intermediates in the replication of poliovirus RNA. 
(b) Events common to the repli ation f 
bacteriophage and viral RNA 
The replication of poliovirus RNA and that of other 
smal RNA containing animal viruses has many features in 
common with the replication of RNA bacteriophages. For 
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both replication takes place in the absence of DNA function 
(Reich et al., 1961) and many RNA intermediates in the 
synthesis of viral RNA are similar (Bishop, Swnmers and 
Levintow, 1965 ; Erikson and Franklin, 1966). Much of 
recent insight into the replication of viral RNA derives 
from two findings with cells infected with animal viruses. 
The first of these was the demonstration (Montagnier 
and Sanders, 1963) in Krebs ascites cells infected with 
encephalomyocarditis virus that, of the RNA species 
producedinresponse to infection, a small component (about 
1-5 per cent of total RNA) is resistant to the action of 
ribonuclease and has many features of a double~stranded 
RNA polynucleotide of approximately twi c e the molecular 
weight of viral RNA. Formation of double stranded RNA is 
now recognised as a feature of the replication of many 
small RNA viruses including polio~irus (Weissmann, Borst, 
Burdon and Ochoa, 1964 , Baltimore, Becker and Darnell, 1964; 
Nayak and Baluda, 1968). 
The second finding was that of Baltimore and Franklin 
(1963) who were able to demonstrate an enzymic activity 
in the cytoplasm of mengovirus infected L=cells 1 which was 
absent in uninfe ted cells. This activity was responsible 
for the incorporation of ribonucleoside triphosphate into 
acid precipitable material with the properties of RNA, in 
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the presence of the other three ribonucleoside 
triphosphates. Such an enzyme has been variously referred 
to as an RNA polymerase, replicase, synthetase or 
nucleotidyl transferase and there is good evidence of its 
induction in response to infection by a wide range of 
animal, plant and bacterial RNA viruses (Weis s mann ? Simon 
and Ochoa, 1963; Polatnick and Arlinghaus 1967; 
Gilliland and Symons, 1968). An RNA polymerase activity 
in poliovirus infected cells was first described by 
Baltimore (1964) in HeLa cells infected with type II 
poliovirus. Baltimore characterised the in vitro RNA 
product of this enzyme and obtained a similar profile to 
that observed in vivo in poliovirus infect ed cells .. 
The polymerase of the RNA bac teriophage Q~ has een 
very highly purified and shown to exhibit considerable 
specificity for viral RNA in in vitro RNA synthesising 
systems (Spiegelman, Haruna, Holland, Beaudreau and Mills, 
1965) . Studies of the same kind have not been possible 
with animal virus polymerase preparations, which rapidl.y 
lose activity upon purification (Martin, 1967) and cannot 
be specifically primed by the addition of viral RA 
(Girard, 1969). 
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(c) RNA produced in vivo by poliovirus 
Three types of RNA have been identified in poliovirus 
infected cells which are not present in uninfected cells. 
Of these, the predominant species is single stranded J5S 
RNA which is indistinguishable from the RNA prepared from 
purified poliovirions (Darnell, 1962). A second form of 
RNA is the double stranded material referred to previously, 
which consists of one strand of viral RNA (the positive 
strand) and a complementary (negative) strand in a hydrogen 
bonded duplex structure (Baltimore, 1966). The duplex is 
referred to as the Replicative Form and has a sedimentation 
coefficient of 18-20S. 
The third identifiable species is a complex of single 
and double stranded RNA which sediments heterogeneously 
at between 18 and J5S and is referred to as the 
Replicative Intermediate (Baltimore and Girard, 1966). 
The complex may be converted to the Replicative Form by 
the action of ribonuclease or by heating to between 60° 
and 75°c - well below the temperature of strand separation 
for the Replicative Form (Baltimore, 1968; Bishop and 
Koch, 1969). 
(ct) The Role of double stranded RNA 
Similar RNA intermediates have been described for 
bacterial cells infected with RNA bacteriophages (Erikson 
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and Franklin, 1966), although some doubt has been cast on 
the reality of double stranded RNA in the in vivo situation 
by Weismann's group (Feix, Slor and Weissmann, 1967). 
contend that double stranded viral RNA is an artefact 
produced by the deproteinisation pro c edure used in the 
preparation of RNA from infected cells. Using in vitro 
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RNA synthesising systems and highly purified polymerase, 
they have demonstrated that complementary negative strands, 
alone, serve as the templates for viral replication (Feix 1 
Pollet and Weissmann, 1968) and suggest that, in vivo, 
these occur in fairly loose association with viral RNA. 
Attempts to demonstrate in vitro synthesis of viral RNA 
using either Replicative Form or Replicative Intermediate 
as the template have been unsuc cessful (Feix et al., 1968 9 
Mills, Pace and Spiegelman, 1966). Whether the same 
situation obtains for animal virus polymerases is unknown 
since it has not been possible to prepare polymerases free 
of viral RNA. Despite Weissmann's claim, however, double 
stranded RNA, prepared by phenol extraction of poliovirus 
infected cells, occurs as a highly ordered structure with 
respect to resistance to ribonuclease, sedimenta ion 
coeffi ient and thermal transition properties (Bishop and 
Koch, 1967). It is difficult to envisage the reproducible 
formation of so ordered a structure by an annealing 
mechanism. 
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(e) Models of RNA replication 
There is general agreement that complementary strands 
of RNA are synthesised in response to infection by RNA 
viruses in an asymmetric manner, a considerable excess of 
positive over negative strands being produced (Erikson, 
Fenwick and Franklin, 1965; Bishop et al., 1965). Putting 
aside the objections of Weissmann, two principal models of 
RNA replication have been proposed, both of which assume the 
formation of a hydrogen bonded duplex structure as a 
necessary intermediate. In the first or conservative model, 
which operates in the replication of the single stranded 
DNA bacteriophage¢ x 174 (Denhardt and Sinsheimer, 1965), 
the duplex remains intact throughout the time of 
replication and for the synthesis of progeny positive 
strands it is necessary to postulate some transient 
separation of the two strands, which would, however 1 still 
leave the duplex resistant to ribonuclease. 
In the alternative or semi-conservative model first 
proposed by Weissmann et al., (1964), the positive strand of 
the original duplex is displaced by growing strands of RNA 
complementary to the negative strand. After displacement, in 
either model the positive strand becomes available to form 
new duplex structures, to serve as messengers in the 
synthesis of virion or non-virion proteins, or to become 
incorporated as the RNA genome of completed virus 
particles. 
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According to the conservative model, labelled RNA 
from the infecting virus should enter the double stranded 
duplex and remain there during replication. Studies of 
this kind with animal viruses are, however, complicated 
by the very high particle to infectivity ratio, which 
for poliovirus may be as high as 1000 (Fenwick and 
Cooper, 1962). With the RNA bacteriophage MS2, Kelly and 
Sinsheimer (1967) were able to detect parental label in 
an RNA duplex structure soon after infection, but could 
find no evidence that such a structure was conserved 
during the period of replication. 
Another prediction of the conservative hypothesis 
concerns the intactness of the positive strand of the RNA 
duplex obtai~ed by ribonuclease digestion (Martin, 1966). 
According to the conservative model, when strands of the 
duplex are separated by heating the positive strand should 
be the same size as intact viral RNA. By the semi-
conservative model, the positive strand would be fragmented, 
with each fragment representing the degree of base pairing 
between a nascent positive strand and the negative strand 
of the template. Experiments of this kind have been 
carried out with the Replicative Form of poliovirus RNA and 
these indicate that the positive strand is intact (Katz and 
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Penman 1 1966) .. Similar findings had previously been made 
for the Repli c ative Form of Rl7 bacteriophage and foot=and-
mouth disea e virus (Erikson et al., 1965 9 Brown and Martin, 
1965) . 
Fur her evidence for the intac ness of the positive 
strand of the Replicative Form of poliovirus is its 
infec ivity (Pons, 1964, Koch, Quintell and Bishop, 1966). 
During infec ion strand separation of the infecting duplex 
presumably akes place in order for the synthesis of viral 
'early' proteins to occur, and it seems likely that an 
intact positive strand, rather than he negative strand, is 
requi ed as messenger RNA. Two pieces of evidence support 
this con en ion. The first is the demonstra ion that 
single breaks in poliovirus RNA completely abolish its 
infectivity (Gierer, 1957, Ginoza1 1958) and the second is 
the demonstration that purified negative strands which are 
induced by RNA ba teriophage MS2 are non~infectious (Feix 
et al., 1968). 
Some support for semi-conservative replication with 
poliovirus has been provided by Baltimore (1968), who had 
previousl shown (Baltimore and Girard, 1966) that, by 
pulse labelling for 2.75 minu es, most la el en erect the 
RNA Replicative In ermediate. Suh a si ua ion is in 
ontrast to the normal profile obtained when labelling was 
arried out for longer periods as described above. 
Baltimore (1968) was able to convert pulse~labelled 
Replica ive In ermediate into Replica ive Form wi h 
ibonuclease or by gentle hea ing and found hat a high 
propo tion f radioactivi y (about 37 per c en) was 
esis an tori onuclease, implying hat a long length of 
growing strand is hydrogen~bonded to the template. By 
hybridisa ion studies, Baltimore found that complementary 
RNA in the Replicative Intermediate was very rapidly 
synthesised, and hese findings are consis en wi ha 
semi-conservative model. He alculated that there are 
on the a erage 6e5 growing strands per double stranded 
templa e .. 
There is evidence with the RA ba teriophage MS2 tha 
bo h conse_vative and semi- c on erva i v e fo r ms of 
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repli a ion can occur simultaneously .. Kelly and Sinsheimer 
(1967) have found ha 7 when the nas en . RA of he 
Repli a e In ermedia e is labelled with a shor puls e of 
radioa ivi y 1 only about half of the label is displac ed from 
the Rep i a ive Formo Similarly when he pa rental RNA is 
labelled and inc orpora ed into a duplex s ructure J only about 
ha f of the 1 abel is di sp a c ed. On the asis of his they 
a gue ha an equal pro a i ity exists hat he r epl.ication 
of the infe ting RA will occur y the onse vative or the 
semi= onse va ive mode. One weakness of thei cas e for 
conserva ive replica ion, however, is their inabili y to 
detect the conservation of duplex structures throughout 
the replication cycle. 
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( f) Differences between RNA ba teriophage and animal 
virus induced polymerase~ 
It is possible that many of the findings for RNA 
bacteriophage replication have no parallel in the 
replication of animal viruses, as it seems likely that 
greater ompl.exity could be expected in the replication of 
animal viruses, with a genetic component almost twice as 
grea as tha of the RNA bacteriophages (See Experimental 
Section J). One cause of this complexity may be the need 
for more than one virus-coded polymerase in the synthesis of 
the duplex and nascent positive strands in the c ase of 
animal viruses. 
That two polymerase a tivities exist in cells infected 
with RNA bacteriophages, seems evident from studies by 
Lodish and Zinder (1966), who were able to isolate a mutant 
of RA bac eriophage f2 which was defective in its capacit 
to synthesise doubles randed RNA at restri c i v e 
temperatures. Studies wi h purified p lymerase indu ed by 
RNA bac e iophage Q~ sugges hat a single enzyme is 
involved 1 although cer ain host co-factors are simultaneously 
required for a tivity (Eikhom, Stockley and Spiegelman, 
1968; Franze de Ferdinandez, Eoyang and August~ 1968)a 
These host factors may function as the second enzyme 
necessary for synthesis of nas ent RA, although their 
sequential addition to reac ion mixtures has not 
specifically demons rated this. 
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Gene ic evidence has been presented by Cooper 1 Summers 
and Stancek (1969) for the existence of tw separate 
polymerases which are coded for by poliovirus RNAa They 
examined the RNA profiles of two mu ants, bo h o:f which had 
been p eviously shown to be defective in their capac ity o 
synthesise viral RNA when grown under restric tive conditionso 
The defe ts of each mu an occurred fairly close together 
in what was appeared o be he polymerase gene :f the 
20) was seen poliovirus genome (Figure 1)., One mu ant ( s 
·~ 
o be defec ive in its capac i y to indu e the syn hesis of 
both Replica ive Form and viral RNAa Theo he r mu an 
(ts= 28), whose defect was mo e lose in he gene i c map 
to he genes specifying virion pro ein, was able to 
syn hesise Replicative Form but was defe c tive in its abili y 
to synthesise viral RNAa 
Undoubtedly he bes evidence for the exis ence of two 
separate iral coded polymerase a tivities in pi ornavirus 
infected ells is hat of Arlinghaus and Pola ni c k (1969) 
with the po ymerase of foot=and~mouth disease virus. 
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They were able to frac iona te a soluble RNA po1.ymerase from 
membrane par iculates of infected cells into two complexes8 
The ligh er of the wo complexes (20=70S) syn hesised only 
20S doubles randed ma erial and the heavier complex 
(100 - JOOS) synthesised only J7S viral RNAo A hird much 
larger omplex which synthesised both J7S and doubles randed 
RNA was considered to be the naive polymerase complex still 
bound to cellular particulate material8 
Messenger function of viral RNA 
Direct evidence of messenger function for poli virus 
RNA has been provided by Warner , Madden and Darnell (1963) 9 
using an Eg coli pr ein synthesising systemu They noted 
a marked uptake of labelled amino acids into large 
structures (about lOOS) containing proteins wh" c h reacted 
with antisera prepared against guanidine-iodoac etamide 
treated suspensions of pol~oviruse Similar experimen s 
with HeLa ce 1 extracts were unsuccessful, due possibly to 
inefficient interaction between ri osomes and viral 
messenger (Summers and Levintow, l965)u Fa"lure here may 
also reflect an increase of complexi ty in he initia ion of 
t anslation for mammalian ells ompa ed wi h acterial 
cells, which ende s he ondi ions fo ~~ pro ein 
synthesis more diffi ult to a hieveo A similar lack of 
success has marked the efforts of many workers in 
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attempting to demonstrate messenger function for 9S RNA from 
rabbit reticulocytes 1 which possesses many of the 
properties of haemoglobin messenger (see r evi ew by 
Chantrenne, Burny and Marbaix, 1967). 
Messenger function for RNA of bacteriophages has been 
demonstrated in cell free bacterial systems (Ohtaka and 
Spiegelman, 1963 9 Nathans, Oes chger, Eggen and Shimura, 
196 ; Vifluela, Algrana i and Ochoa , 1967). 
There are 1 however 9 other indications that prote ·n 
synthesis specified by viral RNA takes pla c e in infected 
cells. Scharff, Sha kin and Levintow (1963) pul s e =label l ed 
infected cells with radioact ive amino acids and were able 
to iso a e growing peptide chains f ro m large polyri osomes
9 
which are characteristic of poliovirus infected cells. 
About 25 per cent of the g r owing chains reacted with 
antisera prepared against poliovirus capsid protein . 
Penman et al. (1964) isolated the RNA from viral 
pol ribosomes and found it o have a s'milar sedimen ation 
oefficient to viral RNA and Summers and Levin ow (1965) 
found similarities in their base c ompositions. 
A.J.5 
Re ent suggestions ha fundamenta l dif-feren es exist 
in he ranslation me hanisms of bacterial and mamma ian 
cells appear to have considerab e implications for viral 
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protein synthesis in cells infected with RNA viruses .. Many 
bacterial messenger RNAs and the RNA of ertain 
bacteriophages are considered to be poly is roni, with 
protein chain initiation and termination being specified a 
intervals along the RNA messenger (Vinuela et al . ? 1967 9 
Morse, Baker and Yanofsky, 1968). Some mammalian 
messengers, on the other hand, are probably mono c istronic, 
a singe RNA molecule specifying each p olypeptide. 
A growing body of evidence supports this ontention 
and has been outlined by Jacobson and Baltimore (1968 a). 
Briefly, support comes from the observation that separa e 
messengers within individual eel.ls spe ify each polypeptide 
chain of haemoglobin (Warner, Knopf and Rich, 1963) and 
IgG gamma globulin (Shapiro , Scharff, Maizel and Uhr 1966 9 
Williamson and Askonas , 1967). Fur her orroboration comes 
from he observation of a linear relationship between the 
size of nascent polypeptides and the number of ri osomes 
attached o polyribosomes in mouse plas ma tumour cells 
(Kuff and Roberts, 1967), HeLa cells (Baltimo re and 
Huang, 1968), and chick embryo fib r oblasts (Krets·ngerJ 
Manner 1 Gould and Rich , 964) e By con rast, the nas ent 
po peptide chains from ba terial mes senger RNA appear to 
be the same length for a 1 polyribosome sizes (Kiho and Ri .h, 
1964; Hotham~Iglewski and Franklin, 1967). 
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Since the genome of poliovirus consists of a single 
length of RNA (Schaffer, 1962), the suggestion has been made 
that a monocistronic message is translated to produce a 
large protein, which is subsequently cleaved by specific 
proteases to smaller capsid and non-capsid proteinsv This 
suggestion arises from the findings of Summers et ale (1965) 
who examined the proteins of infected cells by 
polyacrylamide gel electrophoresis. They obtained 
synchronous viral-specific protein synthesis in infected 
cells by blocking the infectious process with guanidine, 
which still allows viral induced inhibition of host cell 
protein synthesis, and then reversing the inhibition by 
removal of the drugo A pattern of fourteen polypeptides was 
obtained, of which four were identifiable as virion 
polypeptides. The combined molecular weights of capsid and 
non-capsid proteins was subsequently shown to approximate 
530,000 (Summers and Maizel, 1968), a figure equivalent to 
a genetic information content of more than twice specified 
6 by a molecule of RNA of molecular weight 2 x 10, which is 
generally accepted for poliovirus (Cooper] 1969). 
The only way of accounting for the discrepancy is to 
assume that many of the smaller proteins seen on the gel 
pattern are either intermediate or final breakdown 
products of large molecular weight precursors, and 
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indications that such is the case have come from Summers 
and Maize! (1968) and Jacobson and Baltimore (1968 a). 
Both groups have been able to detect a loss in radioactive 
label from the largest protein NCVPl and a concomittant 
rise in peaks corresponding to smaller virion pro eins 
during the course of a pulse-chase experimen. Such 
metabolic instability for NCVPl can be prevented by the 
addition of amino acid analogues to infected cells, 
suggesting that cleavage of NCVPl occurs by an enzyme (or 
enzymes) with specificity for certain amino acid 
sequences (Jacobson and Baltimore, 1968 a). 
The phenomenon of cleavage has been noted by Holland 
and Kiehn (1968) for a number of picornaviruses and by 
Burrell, Martin and Cooper (1969) in ells infe c ted with 
Semliki Forest virus, a group A arbovirus. 
Jacobson and Baltimore (1968 a) have suggested that 
post=translational cleavage is an adaptive fea ure of he 
growth of simple RNA viruses in animal cells, whic h a l low 
no possibility of internal protein chain termina ion and 
initiation. In more complex RNA viruses such as influenza 
(Duesberg 1968 a) and reovirus (Bellamy and ,Joklik , 1967) 1 
the genome consists of several shor pie es of RNA? an 
arrangement which may obvia e the necessi y fr c leavage. 
In paramyxoviruses such as Newcastle disease virus, which 
2? 
contains one very large RNA molecule!) the a c t ual genetic 
message consists of several short complemen a r y RNA strands 
(Bratt and Robinson, 1967). Whether anc i l lary cl e avage 
mechanisms exist in cells infected with these la t ter 
viruses is unknown .. 
A.J.6 Assembly and maturation 
Viral RNA, although first dete c tabl e within 30=60 
minutes 1 does not enter mature virions unti l 2 .. 5 hours 
after infection (Baltimore et al9, 1966 ) .. The se auth0rs 
also found that the time for synthesis of RNA and ent:ry 
into virions is relatively short 9 of t h e order of 
2-3 minutes, although an average time of 20 minutes must 
elapse between the synthesis of pro te i n and its 
incorporation into completed par i cles .. Th is i mplies a. 
larger pool of viral protein than v i ral nucleic acid 
precursors .. Another finding of Bal timore et al .. (1966) 
was that assembly of capsid polypeptide s into viri.ons can 
occur in the absence of continuing pro te in synthesise This 
is demonstrated by the observation that v i r a l RNA which is 
synthesised several minutes after the addition of 
cycloheximide, an inhibitor of protein synthesis 9 can ~t.il.1 
enter virions .. 
Jacobson and Baltimore (1968 b) h ave sugge sted tha 
one of the final steps in the maturation of p oli.ovirions is 
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the cleavage of a large precursor polypep ide, termed VPO or 
NCVP6 (Summers et al., 1965), into two smaller components of 
the completed virion (VP2 and VP4). Cleavage appears to 
occur prior to the en ry of a molecule of viral RNA to 
produce the mature virion and may be blocked with 
guanidine, leading to the formation of particles devoid of 
RNA, but containing the precursor polypep ide VPO and 
defective in their content of VP2 and VP4. Such particles 
are similar to the 'top component' noted previously in 
populations of po iovirus particles by Hummeler 9 Anderson 
and Brown (1962) and Scharff and Levintow (1963). A 
similar profile for the 'top' component polypeptides was 
described by Maizel, Phillips and Summers (1967). 
B. Genetic Studies with Poliovirus 
B.l The aims and methods of genetic analysis 
A genetic analysis seeks to delineate differ ent aspec s 
of the viral growth process from atypical features of the 
replication of variant or mutant strains of a paren al 
virus type. An obvious requirement in studies of this kind 
is the need for considerable understanding of the normal 
growth process and 9 in this respect, poliovirus is a 
worthy ob·e t of study, being proba ly the best characterised 
of all animal viruses. Thus one approach in a genetic 
analysis is to obtain a series of mutants of the parental 
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virus and to group them, physiologically, according to 
common differences each member of the group exhibits in its 
replication. 
Such an approach is aided considerably by tests of 
complementation and recombination between different pairs 
of mutants, which assist the experimenter to decide 
whether a certain physiological property of a mutant virus 
is attributable to specific characters or markers in one 
or more genes. 
In a complementation test, cells are infected with 
pairs of viral mutants. If markers exist in separate genes, 
then each mutant may reciprocally provide the functional 
gene products specified by the non-marker genes of its own 
genome, in order to produce an enhanced yield of unmutated 
parental virus. Complementation, therefore, involves no 
interchange of original genetic material, but occurs as an 
apportionment of gene products at the post=translational 
level. In systems where efficient complementation is known 
to occur, failure to complement may be accepted, in 
conjunction with other tests, as evidence that both 
markers are present in a single gene. Such an 
interpretation, however, is rendered difficult when 
complementation occurs within a single gene. 
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The best indication of gene order is provided by 
recombination studies, whereby a cell is infected with two 
mutant strains of a virus and an interchange of genetic 
material takes place. Among the final yield of infectious 
progeny virus then are copies of a hybrid genome, 
consisting of unmutated parts of the genetic material of 
either parental mutant. The further apart are the 
genetic markers, the greater is the probability that 
interchange of genetic material will occur . The actual 
frequency of recombination between different markers allows 
for a very good indication of their order, and hence of the 
genes they represent, on the viral genome. 
In the bacteriophage T4D an extension of the above 
mentioned methods of genetic analysis involves an attempt 
to relate, in vitro, the interaction of gene products 
specified by different segments of the virus genome in the 
morphogenesis of the completed particle (Edgar and Wood, 
1966). When studies of this kind are realised the ultimate 
goal of genetic analysis will have been largely achieved: 
namely, the development of a map of the genome specifying 
the number of genes present, their order on the virus 
genome, and the detailed functional relationships which they 
bear to one another and to the apparatus of the host cello 
A study of this kind would provide the fullest possible 
account of replication for that particular virus. 
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B.2 The genetic coding potent i a l of poli£virus 
The RNA genome of poliovirus is small in relation to 
other animal viruses and consists of a continuous length of 
ribonucleic acid whose molecular we ight is slightly in 
excess of 2 x 106 daltons (see experimental section 3). 
This is equivalent to about 6,000 nucleotides and in 
comparison with the well characterised RNA bacteriophage 
MS2, whose RNA has a molecular we i ght of 1.1 x 106 (Strauss 
and Sinsheimer, 1963) and specifie s thre e gene products 
(Gussin, 1966 ; Tooze and Weber, 1967), the coding capacity 
for poliovirus should be of the o r der of six geneso Such 
comparisons, however, may not be applicable to poliovirus, 
because of the apparent lack of sp ecific mechanisms for 
internal protein chain initiation and termination in 
poliovirus RNA (see previous se ction) . 
Summers et al. (1965) noted the synthesis of four 
virion proteins and a maximum of ten non=virion proteins 
in cells infected with polio v i r u so The function of these 
non-virion proteins is complete ly unknown, but included 
among them is probably at least on e polymerase and a 
protein which is responsible f or the inhibition of 
cellular macromolecular sy nth e sis. It is possible that 
some virion proteins may fulfi l these functions and that 
most non-capsid proteins are n on -functional precursors 
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of virion proteins. Some evidence for a polymerase fWlction 
which is associated with the virion prot e ins of foot-and= 
mouth disease virus, another pico r n avirus, was presented 
by Polatnick and Arlinghaus (196 7) . They were able to 
specifically inhibit the activity of viral polymerase s 
from infected cells with antisera prepared agains t 
purified virions. 
B.J Earlier genetic studies with poliovirus 
The importance of an W1derstanding of the g enetics 
of poliovirus was realised in the 1950 9 s with the 
development of attenuated (non-neurovirulent) strains for 
use in mass vaccination. Understandably, the genetic 
char a c ter most widely selected against then was that of 
neurov irulence for primates, but, b ecause of technical 
diffi culties in testing for this pro p erty on a large scale, 
a variety of other characters or mark ers, empirically 
related to neurovirulence, were developedo Some of these 
markers were subsequently applied in standard genetic 
tests and examples of them include the ability to plaque 
Wlder agar at acid pH (the~ mar ke r ~ Vo g t, Dulbecco and 
Wenner , 1957), capacity to multiply at 4o 0 c (the rct 40 
marker ; Lwoff and Lwoff , 1959 a and b), sensi ivity to 
dextran sulphate inhibitor (Takemot o and Leibhaber 1 1962) 
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and thermolability at 50°c (McBride, 1962)., A comprehensiv e 
1. ·st of poliovirus markers has been presen ed by Coo per 
(1969). 
Ver few of these markers are representativ e of parts 
of the genome other than those spe ifying the property of 
virion p teins to adsorb to cell recep orse 0 hers, such 
as the p operty of thermolability, appear to result from 
mutations at any of several different loci in one gene 
(McCahon, 1967). An overlying complica ion with many 
markers 1 which may explain the failure of earlier workers 
o achieve recombination, is the observa ion (Dul.becco, 
1961 ? Cooper et ale, 1966) that mutan s from different parts 
of the genome exhibit co ~variation, whereby a particular 
phenotype is shared by mutan s with defects in several 
genes e 
Markers, not associated with neurovirulence and which 
are apparently not co =variant, were used by Hirst, (1962) 
and Ledinko (1963) in the first demonstration of 
e .ombination between strains of polioviru o These are 
markers spec ifying resistance to hors e and bovine serum 
inhibi o sand to guanidine (markers ~ 1 o and g)o By 
doubly infe ting HeLa c e ls withs ra·ns ho and bo 1 Hi st 
obtained doub e mutants ontaining both mar kers a about 
fifteen times the frequency which was observed in 
self-c asses. The actual frequency of recombination was 
about 0.37 per ent. 
Ledinko (1963) extended these findings using strains 
containing the ho marker? which had been adapted o 
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thermostability (the 6r marker). In crosses etween strain 
r ho6 and another s ain specifically adapted to guanidine 
resistance (strain g), she obtained heat-stable 
recombinants with the g and ho character. Such hree= 
factor crosses allowed a marker order of g-~,£-6.r to be 
assigned to the viral genome and Hirst (private 
ommuni ation to P.D. Cooper 1 . 1967) in other crosses has 
estab .lished he sequence g-ho=bo for both serum inhibitors 
and guanidine . Markers g and bo were roughly equidistant 
from ho. 
Later studies (cooper, 1968) suggest that these 
markers represent those parts of the poliovirus genome 
oding for virion proteins, which have a co mbined 
mole ular weight of 92 1 500 (Maizel and Summers, .1968) ou 
of a total amino acid oding potential of 236 1 000 (this 
assumes that the genome specifies 2,000 amino a ids, each 
with an average mole ular weight of 118.0 (Levintow and 
Darnel.l, 1960) ) o 
Far more useful for gene i tests of poliovirus are 
he tempera ure sensitive(~) mutants developed by Cooper 
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(1964 c) 9 which hav e he poten ial to be induced in any 
gene by individual base substitutions and are directly 
related t o fwictional defe c ts in different stages of the 
viral growth proc esso Their use and the potential of 
o her kinds of conditional lethal mutants will be dealt 
with in the following sections. 
Bo4 Conditional lethal mutants fo r use in utotalv 
mapping studies of viruses 
F or a ~totalY genetic analysis viral mutants are 
required with mar kers representativ e of al l par ts of the 
genome and conditional lethal mutants appear to fulfil 
this requirement adequatelyo With these mutants the 
a ctual genetic mar ker is a defect in the viral genome 
caused by spe c ific alterations to component nucleotides 1 
which may result in a mutant being W1able to replicate in 
a particular host cell under certain conditions of growth. 
There are two c lasses of conditional lethal mutants 1 the 
suppressor sensitive(~) mutants and the temperature 
sensitive(~~) mutantso 
Conditional lethal mutants of both k inds have be en 
used to grea effect in mapping and ident ifying over half 
of the genes of the DA bac teriophages T4 (Epstein B 11~ 1 
Steinber g Kellenberger, Boy de la Tour 9 Chevalley;1 Edgar 
Susman1 Denhardt and Leilausis 1 1963) and A (Campbell 1961)., 
Both k'nds of mutants have also been noted :for .RNA 
bacter·ophages (Zinder, 1965). 
Suppressor sensitive mutants have been found only in 
bac eriophages and their existence is due to the odon 
J6 
recognising apparatus of bacterial cells in bringing about 
the termina ion of protein synthesis at intervals along the 
RNA messenger. Thus in normal (su) cells, changes in 
codons for amino acid recognition to other (non-sense) 
codons, such as UAG, UAA or UGA, may be suffi ien to bring 
about the premature termination of polypep ide synthesis 
and so to give rise to non-functional proteins (Brenner 1 
Stretton and Kaplan, 1965). Such alterations may be caused 
by single base changes and termination arises from the lack 
of a spe ies of charged transfer RNA with he appropriate 
anticodon re ognition site for the altered triplet. 
In other(~+) hosts, transfer RNA with anticodon 
spe ifici y exists but, instead of chain termination, 
ano he amino a id is inserted, which leads to the 
formation of a slightly altered, though still functional, 
gene produ to + In su ells this al~eration in codon 
e ognition is due to changes in the region of the 
bac e ial genome whi h codes for transfer RNA (Stre ton 
and Brenne, 1965). although here i is necessary o 
postulate a separate chain terminating me chani sm to specify 
the normal ompletion of each gene producte 
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The other ca egory of conditional lethal mu ants are 
the emperature sensitive (ts) mu ants. These arise from 
base substitutions that prod ce a gene produ t, which 
unlike the paren al s rain, is either unable o assume or 
maintain a particular functional configuration at elevated 
temperatures of viral growth. In some instances , the 
o urrence of a mutation in a particular gene an be 
orrelated with the in vi!:£ lability of the corresponding 
gene product. Examples of this are mutants of the 
bacteriophage T4D in the gene for viral DNA polymerase 
(de Waard , Paul and Lehman, 1965) and of bac eriophage A 
in the gene for lysozyme (Campbell and del Campillo-
Campbell , 1963). 
With bacte iophages, mutants of both kinds may arise 
spontaneous y from mistakes in the assembly of viral 
nu leotides, or as a result of the action of mutagens. 
With animal viruses ts mu ants only have been ob ained for 
poliovirus (Cooper, 1964 ), Sindbis virus (Burge and 
Pfefferko n, 1964), polyoma virus (Fried, 1965) rabbitpox 
virus (Sambrook, Padgett and Tomkins, 1966), Semliki Forest 
virus (Tan, Bellett and Sambrook, 1969), influenza virus 
(MacKenzie, 1968), vesi ular stomatitis virus (Pitman, 
1965), Newcastle disease virus (Kirvaitis and Simon, 1965) 
and Reovirus (Fields and Joklik, 1969). The lack of 
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e idence for true suppressor sensitive mu ans with animal 
viruses may be rela ed to the presumed absen e of codons 
for in ernal pro ein chain termina io in animal 
messengers Q 
Studies with t.a Mutants of pol~ovi~~ 
Cooper (1964 c-) was able to isolate a numbe of s 
mutan s of po :liovi us by growing a parental strain in he 
presence of he base analogue 5 = fluoroura c il (5=FU) whic h 
is incorpora ed in o the RN.A genome in plac e of uracil 
(Munyon and Salzman, l962)u The mu agenic a c tion o-f 5=FU 
is due o its abili y to occasional.ly assume an enol 
onfiguration, due to he loss of a proton at posi ion l of 
the p rimidine ringo Where base pairing occurs 7 as it 
does at severa s ages of he repl.i c a ion of poliovirus RNA 
(se tion A=JuJe) 1 the eno sate of 5 =FU has he spe c ific i y 
of ytosine and changes in the comp emen ary purine will 
take place in he syn hesis of positive or nega ive strands 
964. About hir y mu ans were b ained w· h 
5~FU whi h we e able o mu iply at 37 02° C ( he op imum 
tempera ure fo the grow h of he pa en al s ain t~) 
Genetic interactions between ts mutants of 
polio virus 
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Cooper ( 965) examined various pairs of these mutants 
for complementation and was able to achieve an enhancement 
of yield between ts-5 and ts-19 some fourteen times the sum 
of individual mutant yields. This cooperative or marker 
rescue effect was shown to be asymmetric, with only ts-19 
being detectable in the final yield. However, complementation 
was relatively low (a maximum of 0.1 per cent of the wild 
type yield) for this and other pairs of mut~nts tested and 
McCahon (1967) suggests that inefficient complementation 
may be due to interference between mutants with the growth 
of strain ts+ at the restrictive temperature. Interference 
with the growth of ts+ by ts-19 at restrictive temperatures 
was first demonstrated by Pohjanpel o and Cooper (1965). 
Geneti recombination between various pairs of ts 
mutan s was shown by Cooper (1968). By analysis of the 
factors cau ing variability, he developed as andardised 
test which allowed reproducible map distances to be 
assigned to crosses between various mutant pairs. A number 
of genetic sequences were obtained by three=factor crosses 
between ertain mutants and the mutant ts=28 which had been 
adapted to resistance to guanidine (ts=28g). Mutants 
having single genetic defects were shown in reciprocal 
ts: 
2ag x ts+@] 
2ag x J [!QI 
2ag x 149 ~ 
3 x 149 [!) 
2agx 104 ~ 
3 x 104 [!] 
104 X 149 [I] 
2ag x 2 rn 
2 X 149 rn 
3 x 2 [I] 
2 X 104 rn 
20 x 2ag ~ 
20 X 149 rn 
20 x 3 [iJ 
2ag x 22 fig 
20 X 22 0 
20 x 9 [I] 
2agx 9 ~ 
FREQUENCY OF ts+ RECOMBINANTS (%) 
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Figure 1: Genetic map of poliovirus ts mutants (Cooper, 1968). 
Mean ts~ recombination frequencies from t hose crosses showing 
additivity. The values in the squares are t he number of crosses 
made. The upper of two frequencies for a particular cross 
represents the standardized, and the lower the unstandardized, 
frequency; a single frequency is the standardized one, excep t that 
no standards were available in the tests made fo r the cros s 20 x 22. 
The map at A (~- 28 being arbitrarily fixed at 0 .1 per cent 
r epresents the relative positions of those mutants showing 
additivity, toge ther wi th others (ts-46, -96, -44, - 150, -94, -155 , 
-89) whos e positions have only bee~det err-ined in crosses with 
ts-28 g, and with the loci of t he maj or defects of some double 
mutants \ ts '"J , -23, -99, -18, -37) . The lengths of the horizontal 
bars at the pos itions of some main mutants represent the 95 per cent 
confidence limits for the means of their self crosses, The relativ e 
position of loci -~iLhin a bracketed group is uncer tain . 
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er sses to give additive recombination frequencies and to 
provide the basis of he genetic map shown in Figu e 1. A 
maximum recombina ion frequency of 0.85 per cen was 
obtained. 
Many original mutan s were excluded from he map 
because of the presence of more han one geneti c leison 
in their genome .. Reversion frequencies at the restri ive 
emperature were of little use in de ciding whether a 
par icular mutant was single or not, although the reve tan 
plaque character did provide some indica ion. The best 
indi ation of singulari was the demonstration of 
addi ivity in recombination frequencies in various 
eciprocal crosses, and on th·s basis only mu ants ts=2,-J 1 
~28 and -104 could be unequivocally ac c epted as having a 
single defect. Mutants ts=20 and ts~l49 oc c urred at 
ex remities of the map and hence could not be tes ed for 
addi ivi YJ but in other respects were like single mu.tans. 
st· other mu ans could not be used be ause of 
ela tivel. high growth ( Y leak Y) a res rictive 
emperatures. 
The locus for guanidine resistance with mu an 28g 
uld be mapped accu_ately and appea ed o lie in he region 
of he genome which oded for virion po eins. This finding 
was unexpected in view of earlier findings that guanidine 
inhibited the synthesis of viral RNA and viral RNA 
polymerase activity (Eggers, Reich and Tamm, 1963; 
Baltimore, Eggers, Franklin and Tamm, 1963)8 
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Subsequent work has confirmed the association between 
resistance to guanidine and changes in virion protein 
structure (Cooper, Wentworth and McCahon, 1969). They 
showed that six out of eight mutants with apparently 
single defects in the region of the g locus were even more 
+ sensitive to guanidine than the parental strain ts 8 The 
possibility that the virion protein or proteins which 
determine resistance to guanidine merely suppress a primary 
site of sensitivity in another gene (the phenomenon of 
genetic dominance) was deemed unlikely by the demonstration 
that the growth of a guanidine-resistant strain was 
inhibited by a sensitive strain in the presenc e of an 
inhibitory concentration of guanidine. 
Support for the association between virion proteins 
and guanidine resistance also comes from the capacity of 
ertain mutan s (ts-19, -22, -89, -123 and ~149), with 
defects adjacent to the g locus, to interfere with the 
growth of ts+ at 39.5° C (McCahon, 1967). A reduced yield 
of infe tious RA is produced as a result of in erference , 
which suggests that defects in the conformation of virion 
proteins are determinants of viral RNA synthesis. 
Table 1 
Summary of results of physiological tests of 
a poliovirus ~ mutants 
Physiol. 
group 
Physiological test and test temperature 
ts + 
-:--:F- pti+ Critical period a pp13 










































+ + late 
+ + late 
+ + late 
+ + ND 
+ + ND 
+ + ND 
a. extract from Table 1 of Cooper, Johnson and Garwes 
(1966) from McCahon (1967). 
b. a+= production of antigen; pti+ = prevention of 
incorporation of thymidine; ppi1+, ppi2+, ppi3+ = 
prevention of phosphorus incorporation into RNA 
fractions 1, 2 and 3, respectively. 
In the body of the table, +=wild-type response: 
= markedly defective: 
ND= not determined. 
42 
Physiological studies with ts mutan s 
About twenty of the original ts isolates were grouped 
physiologically into four groups which corresponded with 
different gene func ions (Cooper, et al., 1966). Three 
mutants ts-2, -3 and -8 produced antigen detectabl.e by a 
fluorescent antibody test (the~ marker). Five mutants 
were found to be defective in their capacity to inhibit 
cellular DNA, as judged by the ability of the infected 
cell to incorporate radioactive thymidine (the pti marker), 
and this property was shown to be related to a prevention 
of cellu ar uptake of trypan blue. Other mutants were 
defective in their ability to inhibit the 4~10S species of 
cellular RNA (the ppiJ marker). The ~ 1 pti and ppiJ 
markers appeared to covary asymmetrically in a manner whi c h 
is illustrated in Table l. 
Temperature shift experiments revealed that all 
mutants were defective in functions which appeared 'late' 
in the virus growth cycle except ts=2J, which has since 
been shown to possess a multiple defec e 
Subsequently, all mutants were examined for the 
p oduction of infectious RA and for serum~ lo cking 
an igen. Yields of infe tious RNA varied from less than 
0.5 per ent to 88 per cent of the yield of the parental 
strain (Wentworth, McCahon and Cooper, 1968). Large 
4J 
producers of RNA were associated with the righ t hand side 
of the genetic map and, with some exc eptions , low producers 
were associated with the left. The exc eptions (ts- 19, -22 
-89 , -104 and -149) also have defects in virion proteins 
and, as mentioned previously, such mutants are capable of 
interfering with the growth of ts+ at 39.6°c (McCahon, 
1967). Studies, in which the amount of serum=blocking 
antigen produced by these mutants under restrictive 
conditions was measured, gave essentially similar results. 
The interpretation of such experiments is often 
rendered difficult by an unusually high production of viral 
mutants at the restri ctive temperature ('leak' virus). 
Under such conditions, the absolute yield of infectious 
RNA or viral antigen is not necessarily a reliable 
indicat ion of the nature of the geneti c defect . Thus the 
infectious RNA produced by a number of mutants under 
restrictive conditions was assessed in terms of is 
maturation efficiency, whereby the amount of infec ious 
RNA was related to the amount of virus produc ed ~ in 
comparison to the situation with parental ts+ (Wentworth 
et ale , 1968). 
On the basis of maturation efficiency, a clear 
distinction could be made between mutants with defe c s 
occurring on the right and the left of the map, with the 
Frequency of ts+ Recombinnnts (%) 
- -- 0•7 0•8 0•9 0 O•l 0·2 0•3 0•4 0·5 0·6 
I I 
\ \ 77 
t.,+ 20 81 28 46 96 44 150 94 89 155 3 2 104 149 Single mutants 
A A D B B B . C C C D D B . Group 
+ + + + + + + . + + + + + + . ppi, 
+ - - + + + + + + + + + + + + pti 
+ - - - - - - . + + + + + - . ppi, 
+ - - - - - - - - - - + + - . a 
100 •09 3·4 2·0 3•0 . 7•4 22 60 6•8 44 34 88 3•3 3•1 iRNA 
+ + . + + + + + + - + + + + - Interference 
+ . + + + . + + - - - - - + - Maturation efficiency 
+ + + + + + + + - + - - - - + tJ. 4s0c 
+ + + + + + + + - - - - - + + CV 
+ + + + + + + + - - - + - + - g/120 
RNA Synthesis Virion Protein 
Table 2: Summary of recombination data and tests of 
physiological function for mutants of poliovirus with 
single ts defects (C ooper. 1969). g represents the 
ocus of guanidlne inhibition; ppi1 and ppi3 = 
prevention of phosphorus incorporation into cellular 
ENA fractions 1 and J; pti = prevention of thymidine 
·ncorporation; a= antigen synthesis, i RNA = 
'nfectious RNA production in relation to ts+• 
interference= capacity to interfere with the growth 
of ts+g at 39.5°; maturation efficiency= proportion 
of infectious RNA converted to mature virions in 
relation to ts+; 6 45° C = thermostability at 450 C· 
cy = cystine requirement for virus growth; g / 120 
inhibition by guanidine at 120µg/ ml. 
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sole exception of ts-104. Other tests such as those 
concerned with the in vitro stability of mutan ts at 45° C 
and their capacity to produce plaques in media c on aining 
low concentrations of L-cystine suggest that mutan s o 
the right (i.e. those in the vicinity of the g locus) have 
defects in the assembly of virion proteins (M cCahon 1 1967 9 
Cooper, 1969). A summary of these findings fo r various 
single mutants in relation to the earlier findings o.f 
Cooper et al. (1966), and to the location of a particular 
defect for each mutant on the genetic map is shown in 
Table 2. 
C. The Determination of the Molecular Weight of Viral RNA 
Where attempts are made to correlate known mole cular 
events in the growth of a virus in terms of total gene ic 
function, an accurate estimate of the molecular weight o .f 
the viral nucleic acid is essential. For the RNA of 
poliovirus a value of 2.0 x 106 daltons is widely accepted 
(s haffer, 1962; Fenner, 1968), but Cooper (1969) has drawn 
attention to inadequacies of data in support of this figure. 
Because of this, further attempts were made to assess the 
molecular weight of poliovirus RNA and this work is 
reported in Experimental Section J. In the following 
section a brief outline is given of some of the methods 
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available for determining the molecular weight of viral RNA 
preparations. 
C.l Estimates based upon sedimentation coeffi c ients 
A number of empirical formulas have been proposed that 
relate RNA sedimentation coefficients to molecular weight 
(Gierer, 1958; Kurland, 1960, Spirin, 1961) and by far the 
greater number of determinations have been obtained in this 
manner. Such relationships, however, take no account of 
different amounts of secondary structure that exist between 
various RNA species. An example of this can be seen from 
RNA preparations of tobacco mosaic virus (TMV) and the RNA 
bacteriophage Rl7; both have identical sedimentation 
coefficients, yet the RNA of TMV had a molecular weight 
almost twice that of Rl7, when determined by the a ccurate 
light scattering technique (Gesteland and Boedtker , 1964). 
Rl7 RNA is a much more compact macromolecule than TMV RNA 
because of a relatively higk degree of internal base pairing 
(Boedtker, 1967). A high degree of secondary struc ture is 
also present in the RNA of Sindbis virus (Sprecher-
Goldberger, 1967). In the case of the RNA f r om certain 
tumour viruses, a further complication arises from a 
tendency of the RNA to sediment homogeneously as an 
aggregate structure Duesberg (1968 b). 
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The removal of RNA secondary structure 
When RNA secondary structure is eliminated after 
heating in the presence of formaldehyde (Boedtker, 1968 a) 
or treatment with 99 per cent dimethyl sulphoxide (DMSO) 
at room temperature (Strauss, Kelly and Sinsheimer, 1968) 
a linear relationship has been observed between molecular 
weight and sedimentation coefficient. Fenwick (1968) in 
a study using formaldehyde-treated RNA preparations, noted 
a similar type of relationship for all RNA species except 
28S HeLa ribosomal RNA. The latter with a molecular weight 
of l.65 x 106 , when determined by equilibrium centrifugation 
and viscosity studies, was shown to have a sedimentation 
coefficient greater than that of TMV (2.0 x 106 ) after 
formaldehyde treatment. Fenwick has suggested that this 
anomalous behaviour of 28S ribosomal RNA may be due to 
inherent differences in its structure compared with that of 
TMV RNA; cross-linkages may arise in 28S RNA as a result of 
formaldehyde treatment, or the RNA may occur naturally as 
a branched structure. Such behaviour, however, was not 
noted by Strauss et al. (1968) for rabbit reticulocyte RNA 
after treatment with DMSO. 
Co2 Molecular weight determinations by lights attering 
For RNA molecules with molecular weights of 100,000 or 
greater, light scattering provides a very accurate and 
rapid method of determining molecular weights over a large 
range of temperature and salt concentrationse An outstanding 
advantage of the method is that it allows for a 
determination of molecular weight without the need for 
assumption as to the shape of the molecule or its size 
distribution. A review of theoretical and technical 
considerations involved has been given by Boedtker (1968 b). 
The phenomenon of light scattering is basically one of 
diffraction and, since scattered light has for the most 
part the same wave-length as that of incident light , it 
can be easily distinguished from ordinary fluorescence. 
Useful information is obtained by measuring relative 
intensity, depolarisation and the angular distribution of 
scattered light. These quantitites are then analysed in 
terms of the electromagnetic theory of radiation and the 
kinetic theory of matter, according to modifications of the 
basic equation of Rayleigh (1871) derived by Doty and 
Edsal (1951) for dilute protein solutions. 
There are two major disadvantages of the method o 
First, very large quantities of RNA are needed. Boedtker 
(1968 b) estimates that about J mg are needed for 
measurements of an RNA of molecular weight loO x 106 , ov er 
a fivefold concentration range. Concentrations of this 
orde~ are attainable only with extreme difficulty with most 
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animal viruses and, as a consequence, the only data 
available have been obtained from the RNA of plant viruses 
and RNA bacteriophages. The second major difficulty arises 
from the presence of very small concentrations of highly 
aggregated material which may be present in concentrated 
RNA solutions. The presence of aggregates is readily 
recognisable when the scattering data are analysed 
according to the method of Zimm (1948). Aggregates may be 
removed by repeated centrifugation of dilute RNA solutions. 
C.J Sedimentation-viscosity measurements 
This technique, although principally used for 
determining the molecular weights of DNA samples, has been 
applied in estimating the RNA components of mammalian 
ribosomes (Petermann and Pavlovec, 1966), and of poliovirus 
(Anderer and Restle, 1964). Molecular weights are 
determined from a knowledge of the sedimentation coefficient 
of an RNA preparation and its intrinsic viscosity in dilute 
salt solutions, applying the formula of Scharaga and 
Mandelkern (1953). 
However, as for the sedimentation coefficient 
mentioned in C.l, the intrinsic viscosity is partly 
dependant upon the particular conformation assumed by an 
RNA preparation, which varies with different RNA species to 
a different extent at different ionic strengths (Boedtker, 
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1968 b). There is thus no single equation relating 
molecular weight with sedimentation-viscosity measurements 
for all types of RNA. 6 A value of 2.0 x 10 for type II 
poliovirus RNA was obtained by Anderer and Restle (1964) 
but the particular sedimentation coefficient of 28.2S that 
they used was less than the now generally accepted value of 
35 S for type I poliovirus RNA (Baltimore and Girard, 1966). 
C.4 Equilibrium ultracentrifugation 
Results obtained by this technique, as with light 
scattering, are not influenced by RNA secondary structure 
and large amounts of preparative material are not 
required. A possible disadvantage is that with large RNA 
molecules, centrifugation for up to several days is often 
required before equilibrium can be attainedo Although this 
time may be shortened considerably by the use of smaller 
centrifugation cells, a consequent loss of precision often 
results (Boedtker, 1968 b). Equilibrium ultracentrifugation 
has been used to provide estimates of the molecular weights 
of E. coli and mammalian ribosomal RNA components (Stanley 
and Bock, 1965; Hamilton, 1967). 
c.5 Polyacrylamide gel electrophoresis 
High resolution in the fractionation of RNA species 
was attained by Loening (1967) by electrophoresis on 
dilute polyacrylamide gels. Bishop, Claybrook and 
Spiegelman (1967) achieved similar resolution in another 
study and were able to demonstrate a linear semi~ 
logarithmic relationship between molecular weight and 
relative electrophoretic mobility. Separation of RNA by 
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this method is likely to be related to the pore size of 
the gel, as differences in the ratios of charge to mass of 
different RNA molecules are considered likely to be too 
small to affect their relative electrophoretic mobilities 
(Loening, 1967). Because of the influence of pore size, 
secondary structure is likely also to be a determinant of 
electrophoretic mobility, and evidence for this is 
presented in Experimental Section J. The method is thus 
open to the same objections mentioned earlier for estimates 
of molecular weight based upon sedimentation constants, in 
which no attempt was made to remove RNA secondary structuree 
MATERIALS AND METHODS 
(a) 
Cell Culture Preparation 
Cell propagation 
Human amnion strain U cells (Pohjanpelto, 1961) were 
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used throughout except in one experiment (see Experimental 
Section 2.1 (h)) where the HeLa cell line SJ, adapted fo r 
growth in monolayer cultures, was used. Conditions of 
culture were identical for both cell lines. 
6 About 6 x 10 cells were added to Roux bottles, 
containing 100 ml of Eagle's medium with 10 pe r cent 
tryptose phosphate broth, 10 per cent calf serum and 0.7 
mg per ml sodium bicarbonate, pH 7.2. Confluent monolayer 
growth occurred during 4-6 days of incubation at 37° C. 
The cells were then detached from the glass by treatment 
with 20 ml of a solution, consisting of 0.25 per cent 
trypsin and 0.01 per cent sodium ethylene diamine 
tetracetic acid (EDTA), in Hank's balanced salt solution 
(Hanks and Wallace, 1949), for 5 minutes at room tempera uree 
Galac tose conservator medium (GCM ; Cooper, 1961) was then 
added and the cells removed by centrifuging at low speeds. 
They were finally suspended at 6eO x 106 cells per ml in 
GCM. Generally a 4 -6 fold increase in viable cell numbers 
occurred over the period of cell cultivation. 
(b) Tube monolayer cultures of U cells 
These were used in recombination tests and for the 
propagation of progeny from suspected mutant plaques. 
Stoppered flat bottomed glass vials of internal diameter 
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17 mm were seeded with 2.0 x 105 U cells in 1 ml of Eagle's 
medium, containing 10 per cent tryptose phosphate broth, 
5 per cent calf serum and 0.28 mg per ml sodium bicarbonate, 
pH 7.2, and were incubated overnight at 37° C in an 
upright position. 
(c) Bottle cultures 
These were used in the preparation of virus stocks. 
6 A suspension of 2.0 x 10 freshly trysinised U cells in 
Eagle's medium containing 10 per cent tryptose phosphate 
broth, 10 per cent calf serum and 0.28 mg per ml of sodium 
bicarbonate, pH 7.2 was added in 10 ml amounts to milk 
dilution bottles. Confluent cell growth resulted when 
the bottles were incubated in a horizontal posi tion 
overnight at 37° C. 
(ct) Suspension cultures and their use in virus studies 
Freshly trypsinised cells, suspended in GCM at 6.0 x 106 
cells per ml, were rocked at 4° C for 2-3 hours in order to 
r egenerate cell receptors. The suspension was centrifuged 
at low speeds and the cells resuspended at about 1 50 x 107 
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cells per ml in phosphate buffer ed saline (PBS ~ Dulbecco 
and Vogt, 1954). Virus at the appro pria e concentration 
was then added and was allowed to adsorb while the suspension 
0 
was rocked at 4 C for 2- 3 hoursa 
After infection, the cells we r e d iluted to a 
concentration of 1 - 2 x 106 cells pe r ml in Eag le's me d i um , 
containing 5 per cent calf ser um , 5 p er cen tryptose 
phosphate broth and 0.7 mg per ml so d i um bicarbonate, 
pH 7.2. The cultures were plac ed i n stoppered spinner 
culture flasks with rotating magne t s , and were placed in 
constant temperature waterbaths mo u n t ed on magneti c 
stirrers. The suspension was kept agitated by use of the 
stirrers for the time of the experiment . Any cell 
receptors that were destroyed b y tryp sinisation were 
apparently restored by rocking in GCM at 4° C, as these 
cells were shown to be as susceptible to poliovirus as 
other cells grown in suspension a t 37° C for 18 hours 
before use. 
( e) Eagle's medium 
This was prepared a ccord ing to the formula o f Eagle 
(1959 ), exc ept that doub l e the concentration of amino 
acids and vitamins were used . P enicillin and streptomycin 
were added at a c onc ent r at i on o f 50 µ g per ml? and sodium 
bicarbonate, calf serum and t rypto se phosphate broth were 
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added as required at concentrations indicated elsewhere in 
this section. For suspension cultures , Eagle's Spinner 
Medium was used which differed from normal Eagle's medium 
in that it contained no calcium chloride. 
(f) Temperature control 
A 37° C laboratory incubator was used for the routine 
propagation of cells and for virus and RNA infectivity 
assays at permissive temperatures. For spinner cultures 
and assays of infectivity at 39.5° C, well circulated 
waterbaths were used and these were heated by thermostatically 
controlled units (Manufacturers :- E. Buhler , Tubingen 9 
) + 0 B. Braun, Melsungen that were a ccurate to ~0.05 C. 
2. Infectivity Assays 
(a) Assays of poliovirus 
The agar-cell suspension assay (Cooper, 1961) was 
employed throughout, using suspensions of U cells in GCM 
at initial concentrations of 6.0 x 106 cells per ml. To 
the galactose overlay medium used for assays was added 
8 per cent calf serum, 5 per cent of a 10 per cent 
suspension of skim milk powder and 10 per ent tryptose 
phosphate broth. In assays of ts+ recombinants at 39.5° C, 
lactalbumin hydrolysate and yeast extract were omitted 
from the medium, in order to reduce the 'leak' rates of 
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cystine dependant ts mutants (Cooper , 1 968 ) . Analar 
guanidine carbonate solution, adjusted t o pH 7~8 , was 
added at either inhibitory (200 µg/ ml) or non~inhibitory 
(10 µg/ml) concentrations in the med i a us ed for the assay 
of ts+g and ts+ recombinants, respectively. The low 
guanidine concentration was used to satisfy a slight 
guanidine dependance of the mutant ts=28g that was used in 
most crosses. 
For normal assays, dilutions of virus were made in 
PBS and 0.1 ml amounts were assayed by the stand ard 
technique. For assays of viral re c omb i nants, virus was 
diluted initially in 0.05 M glyc ine buff er~ pH 2o5 and then 
neutralised in order to eliminate aggr egation as a sourc e 
of variation and to increase sensit ivity (Fenwi ck and 
Cooper, 1962). Virus assays at 3 7 ° C we re cond u ct ed in 
0 2 inch Petri dishes, and, at 39.5 C, i n screwcapped 
aspirin bottles which were immersed in a well circulated 
39.5° C waterbath. 
(b) Calculation of re c ombination f r equ ency 
The recombination f r equency i s tak en as he 
~ proportion of ts or ts'g in t he t otal yield of virus, iQe. 
0 the ratio of titres obta i ned fro m as s ays at 39o5 C 
compared with titres obtained at 3 7° C (Cooper j 1968)e 
This proportion is adjusted, whe r e n ecessary, to allow fo r 
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+ + reversion to ts or ts g by either parental strain, and for 
any guanidine dependence in strain ts-28g. 
(c) Screening of plaque progeny for ts mutan s 
In the screening of the progeny from relatively large 
numbers of suspected mutant plaques, rapid tenfold dilutions 
to 10-4 were made in PBS with calibrated loops by a 
serological microtechnique (Sever, 1962). Two=drop samples 
of each dilution were then assayed for virus at 37° and 
39.5° C, using a single plate and a single bottle, 
respectively, and both were stained in the usual manner 
(Cooper, 1959) after 3 days. By this method the progeny 
of up to 100 plaque isolates could be tested simultaneously. 
(ct) RNA infectivity titration 
A modification of the cell suspension infectivity 
assay of Koch, Quintrell and Bishop (1966) was used in 
assays of poliovirus infectious RNA. Ten millilitres of a 
suspension of U cells (6 x 106 cells per ml in GCM) were 
washed twice with PBS and resuspended in PBS minus calcium 
and magnesium salts. Just prior to use, 5 ml of this 
suspension was mixed with 5 ml of PBS (minus calcium and 
magnesium) containing 100 µg per ml DEAE-dextrano This was 
the standard infectious RNA diluent, ID. The resultant 
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Figure 2: The relationship between p..Laque nwnbers and 
elative RNA concentration. A closely spaced series of 
dilutions of ts+ infectious RNA was made in I D and the 
infectivity of repllcate samples was determined by the 
agar-cell suspension technique described in r--:aterials 
and Methods. 
with PBS, minus calcium and magnesium salts, and kept at 
4° C until used. 
For assays, dilutions of infectious RNA were made in 
ID and 0.1 ml aliquots were mixed with 0.6 ml of 
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sensitised cells, and incubated at 37° C for 5 minutes. One 
tenth of one millilitre of ID was then added and the 
mixture was incubated at 37° C for an additional hour, with 
occasional shaking. Finally, Os6 ml of a freshly prepared 
suspension of U cells (6 x 106 cells per ml in GCM) and 
1.0 ml of galactose agar medium (Cooper, 1961) were added 
and, after rapid agitation, the mixture was poured onto an 
agar base layer in a 3 inch Petri plate. Plates were 
stained after three days of incubation at 37° C and any 
plaques that were present were counted. The method was 
found to give more reproducible results than a similar 
assay in which U cell monolayer cultures were infected 
directly with dilutions of infectious RNA. 
In an attempt to establish that each RNA plaque was 
initiated by a single infectious unit, a closely spaced 
series of dilutions of strain ts+ RNA was made and 
duplicate assays of ea.ch dilution were carried out as 
described above. The results of the experiment are 
presented in Figure 2, which demonstrates a linear 
relationship between plaque numbers and relative RNA 
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concentration. This suggests that each plaque was 
initiated by a single unit of infectious RNA and such a 
relationship is a criterion for the validi y of 
quantitative infectivity assays (Dulbe cco~ 1 9 52) . Titres 
for infectious RNA by the cell suspension metho d were 
about 10-2-lo-3 of those obtained in assays of unextracted 
whole virus. 
(e) Poliovirus strains used 
These were derived from a Sabin vacc ine strain (VS41) 
0 that had been adapted by Dr A. Lwoff to grow at 41 C e 
Strain ts+ was obtained by Dr PoD. Cooper from a p laque 
in a 40° C assay, and is referred to as the parental or 
'wild type' strain. 
For much of the work to be described mutants 
previously isolated by Cooper (Cooper 9 1964 c ) were used, 
and these were mutants of the series ts=2 to =155 that 
were obtained by the growth of ts+ in the p r esence of the 
mutagen 5-fluorouracil (5-FU). Two series of isolations 
were made. In the first, a mutant isolation rate of 10 pe r 
+ cent was attained after the growth of ts in the presence nf 
1 m M 5-FU, and the mutants included ts-2 to - 23 . Mu ants 
ts-28 to -155 were isolated at a rate of 2~3 per cen in 
the presence of 0.25 m M 5-FU, the lower dose of mutagen 
being used in order to minimise the chance of obtaining 
double mutants. After recloning twice, about JO mutant 
stocks had efficiencies of plating at 39.5° C that were 
sufficiently low for the strains to be used in genetic 
studies (Cooper, et al., 1966). 
(f) Preparation of stocks from newly isolated mutants 
for use in recombination tests 
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Details of the procedure used for the isolation and 
screening of plaque progeny for the presence of ts mutants 
are given in Experimental Section I or in Section 2(c) of 
Materials and Methods. In the preparation of stocks of 
suitable mutants for use in recombination tests the 
procedure of Cooper (1968) was followede 
Small stocks of low ts+ revertant content were 
prepared by infection of tube cultures containing 105 cells 
with the maximum amount of a cloned mutant stock which 
would allow less than 1 tube in 20 to receive 1 plaque 
forming unit (p.f.u.) of ts+. After growth for 2=3 days 
0 
at 37 C, these stocks were assayed for ts revertants at 
39.5° C and for the efficiency of plating at 39.5° C 




0)0 Stocks with eeO.po 
-4 
39 . 5 0 values less than 10 and with a smaller revertant 
content were used to infect three mono layers of 5 x 106 
U cells in milk dilution bottlesG After grow h for 
0 8 hours in a 37.2 C waterbath, the cultures were frozen 
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+ 0 
and assayed for ts content at 39.5 C. Stocks with ts+ 
-4 contents of 10 or less were then selected, and prepared 
for use in recombination tests as follows. The stocks 
were clarified by centrifuging for 20 minutes at 200 r.p.m. 
and the virus was then sedimented by centrifuging for 
90 minutes at 39,000 r.p.m. in a Spinco 40 rotor. After 
standing overnight at 4° C in 0.5 ml of 0.9 per cent sodium 
chloride solution, the pellets were resuspended, treated 
with 1 ml of 0.05 M glycine buffer and neutralised after 
3 minutes with 10 ml Eagle's medium. The virus was then 
recentrifuged at 39,000 r.p.m. and the pellet resuspended 
by standing overnight in 1 ml Eagle's medium containing 
0.5 per cent calf serum. The concentrates were pooled, 
re-clarified, dispensed in 0.2 ml amounts in ampoules and 
0 8 
stored at -60 C. Titres were 5~10 x 10 pof.u. per ml. 
Virus stocks when prepared by this method ('rec ombination 
stocks') behaved much more uniformly in recombination tests 
than untreated preparations (Cooper, 1968). 
(g) Virus stocks for use in polymerase experiments 
Four day old Roux cultures (containing about 2.4 x 107 
cells) were infected with 0.5 ml of a preparation of mutant 
recombination stock and, 0 after growth at 37 C for 1=2 
days, the culture was frozen. After thawing, samples of 
2-3 ml (virus titre 3-5 x 108 p.f.u. per ml) were placed 
. 0 in vials and stored at -15 C. 
(h) Standard recombination test 
Again the procedure of Cooper (1968) was closely 
followed. Cells from semi-confluent 2~4 day Roux bo tle 
cultures were suspended to 2.5 x 105 cells per ml in 
Eagle's medium containing 10 per cent tryptose phosphate 
broth, 7.5 per cent calf serum, 2.5 per cent foetal calf 
serum, 1 mg per ml calcium chloride and 0.77 mg per ml 
sodium bicarbonate, pH 7.2. The medium had been 
previously gassed with 5 per cent carbon dioxide in air 
and 1 ml of the cell suspension was added to s oppered 
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0 flat bottomed tubes and incubated for 20 hours at 37.2 C. 
The resultant monolayer was washed twice wi h PBS and 
the fluid present thoroughly aspirated. The cells were 
then infected with 0.08 ml of virus inoculum prepared f om 
fresh ampoules of recombination stock, diluted to 1.5 x 108 
p.f.u. per ml in Eagle's medium. In test crosses equa 
volumes of this suspension were mixed before ino ula ion, 
giving an input multiplicity of about 24 p.f.u. per cell. 
F or self-crosses, undiluted suspensions of eac h mutan 
were used to infect tube cultures. Each cross was 
conducted in duplicate and each duplicate was assayed 
separately, using two plates or bottles per dilution, with 
appropriate self-crosses and control cultures infected 
with ts+ and ts+g. 
The inoculated tubes were restoppered and shaken at 
10-15° C for 4 hours to allow for maximum adsorption 9 and 
then Oo92 ml of Eagle's medium containing 100 µg/ml of 
cycloheximide, 10 per cent tryptose phosphate bro hand 
5 per cent calf serum pH 7.2, was added and the cultures 
placed in a 37.2° C waterbath for 20 minutes. The 
cultures were then chilled and washed twice to remove 
unadsorbed virus, and 1 ml of Eagle's medium, containing 
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10 per cent tryptose phosphate broth, 5 per cent cal.f serum 
and 0.28 mg per ml sodium bicarbonate, pH 7.2 was added and 
the tubes incubated for an additional 9 hours at 3702° C. 
They were then frozen at -15° C until assays of the virus 
present could be carried out. 
3. The Preparation of RNA 
RNA preparations were obtained by modifica ions of the 
basic phenol extraction technique , which are described as 
follows: 
(a) Preparation of infectious RNA 
A suspension of 1-2 x 108 U cells was infec ed wi h 
+ 
strain ts at multiplicities in excess of J p . f.uo per cell, 
and was grown in spinner culture for 8~10 hours at 37.2° C. 
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Cells from the suspension were removed by centrifugation 
and were resuspended in about 10 ml of PBS, minus calcium 
and magnesium salts. 
RNA was prepared from infected cells by adding an equal 
volume of twice distilled phenol, containing 0.01 M EDTA 
and bentonite (1 mg per ml) and shaking at 60° C for 
5 minutes. Bentonite was prepared according to the method 
of Fraenkel-Conrat, Singer and Tsugita (1961). The 
mixture was centrifuged at 3,000 r.p.m. for 10 minutes and 
the aqueous upper RNA layer removed with a Pasteur pipette 
and extracted twice more. One tenth volume of 2M sodium 
chloride and two volumes of ethanol (AR grade) were then 
added and an RNA precipitate that formed over two hours at 
o° C was collected by centrifugation. The precipitate was 
dissolved in a small volume of PBS (minus calcium and 
magnesium salts) containing 0.01 M EDTA, and, after an 
additional precipitation, was dissolved again in PBS and 
0 
stored in sealed glass ampo-ules at -45 C. 
(b) Extraction of RNA from polymerase reaction mixtures 
for sucrose gradient analysis 
Polymerase reaction mixture s were shaken at 60° C 
for 5 minutes with an equal volume of phenol 1 
containing 1 per cent sodium dodecyl sulphate (SDS), 
0.01 M EDTA and bentonite (1 mg per ml). The 
mixture was then chilled and centrifuged a 3,000 
r.p.m. for 10 minutes and the aqueous RA was removed 
0 
and kept at O C until required for use. 
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(c) Preparation of RNA for use in studies on the mo e ular 
weight of viral RNA 
Because of the need to obtain non-degraded 
preparations of RNA for use as viral markers, the more 
gentle single-phase phenol extraction method of Diener 
and Schneider (1968) was used in the extraction of RNA from 
purified virions. This involved the use of a reagent which 
was prepared by adding 0.4 ml of phenol o 1.5 ml of a 
solution containing J per cent SDS and 0.01 M EDTA in 
0.02 M phosphate buffer, pH 7o0. At this con entration 
phenol was soluble in the reagent. 
Equal volumes of apurified virion suspension and he 
phenol reagent were mixed and allowed to sand a room 
temperature for 15 minutes. Sixty mi rograms of an 
aqueous preparation of purified yeast RA was then added to 
each mixture and the total RNA present was precipita ed as 
described above. The RNA precipitate was colle ed by 
centrifugation and dissolved in a small volume of he 
appropriate buffer, before subjecting the sample to 
electrophoresis on polyacrylamide gels or to su rose 
gradient centrifugation. 
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4. Sucrose Gradients and Their Use in A~al-y:ti~l Stu:9:ie~ 
of RNA 
Linear sucrose gradients were prepared in four steps by 
layering solutions containing decreasing concentrations of 
sucrose in NET buffer (0.1 M sodium chloride, 0 .. 01 M EDTA 
and 0.01 M Tris (hydroxymethylaminomethane) buffer, pH 7.4). 
The complete operation was carried out in a 4° C cold room 
and the centrifuge tubes were covered and kept in an 
upright stationary position for 18 hours at 4° C, to allow 
equil.ibra tion within the various sucrose layers. The 
gradients were used as required and were then fractionated. 
For gradients prepared for use in a Spinco SW-39 
centrifuge head (prepared by four lcl ml layering steps), 
a fractionating device described by Schaffer and Frommhagen 
( 1965) was used, in which the tubes were punctured at the 
bottom and 0 . 2 ml amounts displaced through the bottom of 
the tube by the use of a screw micrometer. These gradients 
were either fractionated directly onto 4 x J cm strips of 
Whatman nool filterpaper according to the method of 
Dalgarno, Martin, Liu and Work (1966), or were collected 
in tubes for further treatment before adding to the papers. 
SW-25 gradients (prepared by four 6~6 ml layering steps) 
were fractionated after centrifugation by puncturing and 
collecting 16 drop fractions into tubes. Aliquots of these 
fractions were then placed on paper strips as required. 
The papers were dried and rea ed with gentle 
agitation for 5 minutes wi h 7 changes of ice cold Oe25 M 
perchloric acid containing 0.9 per cen sodium 
pyrophospha e. They were then sub 'ected o two 10 minute 
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hanges of cold e hanol before being rinsed twice with 
ethanol/ether (1:1) and ether. Af er drying 9 the papers 
were ransferred to scin illa ion vials c ntaining 16 ml of 
fluid consisting of 0.5 per cent 2, -diphenyloxazole (PPO) 
and O. 05 per cen 1? 4·-=-bis=2-- ( 4--methylc.-..,5uphenyl'"lxazolyl )-= 
benzene (POPOP) in toluene (AR grade). 
The acid insoluble radioac ivi y presen on each 
paper was de ermined in a Pa ckar d ser·es 3)000 scintillation 
ounter. For h . l . f 14c d JH t e simu aneous cou_~ ing o an wo 
hannels were used with window se tings of 210-=8.50 and 
.50-=1000 and corresponding gains of 11. and .50 per cent e 
These se ings were checked each time by reference to 
standards con aining a single isotopeo 
_T-h_e__...u_~---P-o_l..,,.Y..._a.!?rylamide Gel -~1:_£!!":~h2£~~i s 2:!!-
~~ly S udies f RNA 
Modifica ions of the e chniques of loening (1967) and 
Bishop, Clayb. ook and Splegelman (1967) were used in he 
prepa a ion of 2e4 per cen po lya rylamide gels in WPerspexY 
ubes (in ernal diame er 7 mm). The gels were supported a 
one end of the tube by a dialysis membrane . A rylamide was 
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purified for use in gels by dissolving in chloroform at 
50° C, filtering and crystallising at ~15° C. The crystals 
were washed with cold chloroform, dried and stored under 
vacuum. Bisacrylamide was purified by dissolving in 
acetone at 40-50° C, filtering and crystallising in the same 
manner. 
Four ml of a stock solution consisting of 15 per cent 
(w/v) acrylamide and 0.75 per cent bisacrylamide (w/v) were 
mixed with 12.45 ml of distilled water and 8.JJ ml of 
electrophoresis buffer JE (0.06 M sodium acetate, O.OOJ 
M EDTA and 0.012 M Tris, pH 7.2)8 Air was removed from 
the mixture by evacuation and 50 µl of 10 per cent SDS was 
,, ,p 
added followed by 50 µl ofN,N,N,N-tetramethylethylenediamine 
(Terned) and 50 µl of 10 per cent (w/v) ammonium 
persulphate. The contents were mixed rapidly and were added 
to the 5 or 7 cm level of 7 or 9 cm tubeso 
The tubes containing the gels were held upright and 
polymerisation occurred after 15~20 minutes at room 
temperature. They were then transferred to a standard 
electrophoresis apparatus, such as was described by Davis 
(1964), with 500 ml of buffer E (JE diluted 1:2) containing 
1 per cent SDS in either reservoir$ Electrodes were 
attached and direct current was applied a 70 volts and 
6-7 mA per tube for JO minutes in order to remove 
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ribonuclease from the gels. Suer se o 10 per c ent and nne 
drop of b omphenol blue marker was then added to RNA samples 9 
whose prepara ion has been des rib ed, and 70=80 µ1 o:f each 
sample was layered on op of a gel and electrophoresede 
After elec rophoresis the gels were removed from 
the ubes 9 and frozen in a me a l trough on a block of dry 
i e. They were then allowed to thaw slightly before 
frac ionating simultaneously with a device consisting of a 
parallel serie of razor blades set at l e4 mm apart between 
the eeth of two co mbs. Individual sli c es were transferred 
in sequence o emp y s c in il1ation vials, to whi ch was 
added 0 .. 5 ml of 10 per c ent (v/v) piperidine .. The slices 
were dried by placing the vials in a 60° C 0ven overnight 
and 0.5 ml of distilled water was hen added 1 and the slices 
allowed to swell to 10-=20 times their r.iginal volume with 
occasional rocking. 
Ten millil i res of s ·ntillation f·luid consisting o-f 
18 pe cent naphthalene (scin :llation g rade ),, 0.8 per cent 
PPO and 0.01 per cen POPOP in dioxan (AR grade) was then 
added to each via. The addition of he fluid caused the 
slices to shrink and freed abou 9 0 pe r cent of radioactive 
mate ·a1 fr m he gel (Loening, 1967) .. Radioactivity was 
de ermined wi h similar window set ings and gains on the 
scintillation coun er to those used in the gradient experiments .. 
6. 
( a) 
Procedures Used in the Determination of Viral 
Polymerase Activity 
69 
Preparation of polymerase from infe c ed cells 
Suspensions of l-2 x 108 infected U cells in 100 ml of 
medium were incubated in spinner culture at temperatures 
and for times given in Experimental Section 2. The cells 
were then chilled and removed from he suspension by low-
speed centrifugation. They were resuspended in 50 ml of 
Polymerase Diluent (0.25 M sucrose, l0-3 M magnesium chloride) 
0 
and stored at -15 C until required for enzyme extraction. 
The extraction procedures were adapted from those of 
Baltimore and Franklin (1963) and Tershak (1966). Cells 
were removed from Polymerase Diluent, after thawing, by 
centrifugation and were resuspended in 20-40 ml of ice 
cold distilled water and the suspension was kept in an ice 
bath for l hour. The cells were then disrupted by treating 
the suspension with 5-10 strokes of a 40 ml Potter-Elvehjem 
tissue homogeniser and the suspension examined microscopically 
to ensure that cell disruption was complete. Nuclei and 
cell membranes were removed by centrifuging at 600 g for 
10 minutes and magnesium chloride and Tris-hydrochloric 
acid were added to the supernatant cy plasmic extract to 
give final concentrations of 5 x 10-3 and 0.1 M 
respectively, and a pH of 7.6. One tenth volume of 5 M 
sodium chloride was then added and the mixture left for 
70 
5 =10 minutes at o° C. During this time a viscous 
precipitate of nucleoprotein appeared, and the viscosity 
was relieved by diluting twofold with cold distilled water. 
The total extract was then centrifuged at 20,000 rcp.m. 
(35,000 g) for 2 hours in a Spinco model L ultracentrifuge 
using a type JO angle rotor. 
After centrifugation the supernatant was -discarded 
and the pellet washed twice with Polymerase Diluento It 
was finally broken up and suspended in 1=2 ml of 
Polymerase Diluent with the aid of a ground glass tissue 
homogeniser. The final suspension had a protein 
concentration of lc5~2.5 mg per ml, as determined by the 
method of Lowry, Rosebrough, Farr and Randall (1951), 
using standards prepared from bovine plasma albumin 
(Armour fraction v). 
Addition of sodium chloride is a necessary step in 
the procedure and where omitted the activity of the 
prepara ion was reduced by about two thirds (unpublished 
observation)c Its significance is unknownc 
(b) Standard polymerase assays 
Reaction mixtures of 0.8 ml were prepared in 15 ml 
conical centrifuge tubes and contained 0.2 ml of enzyme, 
50 mµmoles of ATP, UTP and CTP, [ 3H] GTP (20 mµmole3 ; 100 
c/M), 6 µmoles 2=phosphoenol pyruvate, 6 enzyme units (EoU.) 
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pyruvate kinase, 5 µmoles magnesium acetate l.J µg AMD and 
JO µmo es Tris-hydrochloric acid, pH 8.40 Where the RNA 
from reaction mixtures was examined on sucrose gradients or 
in polyacrylamide gels, 0.2 ml of enzy me was incubated in 
a reaction mixture consisting of the same reagents plus 
1 mg bentonite in a final volume of 0.53 mla 
In standard polymerase assays the reac ion was 
topped after incubation by the addition of 0.5 ml of 0.1 M 
sodium pyrophosphate, followed by 5 ml o .f 10 per cen (w/v) 
richloracetic acid (TCA). The mixture was left for 10 
. 0 
minutes at O C for a precipitate to form and was then 
entrifuged at 3,000 r.p.mo for 10 minu es. The 
supernatant was discarded and 0.5 ml of 0.5 N sodium 
hyd oxide 1 0.5 ml of Oal M sodium pyrophospha e and 5 ml 
of old TCA were added in rapid succession. The 
p e ipitate was cen rifuged again and washed twi c e with 
o d 10 per ent TCA and once with ethanol/ e her (1:1). 
twas dissol ed in 1 ml of formic acid and he solu ion 
ansfe red to scintillation vials containing 20 ml of a 
f uid onsisting of (per litre) 770 ml oluene, 230 ml 
e hano, 4 g PPO and Oe25 g POPOP. Radioactivi y was 
determined in the scintillation counter using appropriate 
s andards for [3H] GTP. 
7° Radioactively Labelled Viral and RNA Marker 
Preparations 
(a) Poliovirus particles 
A suspension of 1-2 x 108 U cells was infe c ed at a 
multiplicity of 3 - 5 p.feu. per cell, and was hen 
0 incubated as a 100 ml spinner culture at 3 7 o2 C e After 
3 hours, actinomycin D was added to a fina l concen ration 
of 1 µg per ml followed, after 15 minutes, by 20 µc of 
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. d. 2 14c ( . f. t. . t 20 50 / M) I b . t uri ine- - speci ic ac 1v1 y - c o n cu a ion a 
0 37.2 C was continued until 8 -10 hours when the cul ure 
was chilled and the cells removed by light cen rifugatione 
They were suspended in about 20 ml of PBS and disrupted by 
two cycles of alternate freezing and thawinge Nuclei and 
cell membranes were removed by centrifuging at 1000 r.peme 
fo r 15 minutes and the virus present in the supernatan 
was sedimented by centrifuging at 39,000 ropeme for 
90 minutes using a Spinco 40 angle rotoro 
The pellets were rinsed and r esuspended in O .. 5 ml o .f 
PBS after standing for 2 - 3 days at 4° Ce Aliquots 0f the 
suspension of 0 .. 2 ml were then purified by cen rifuging 
hrough pre - formed 40-48 per cent caesium chloride 
gradient for 6 hours at 35 , 000 r.pem. using a Spinco 
SW- 39 rotor. Fractions of 0.1 ml of the gradien wee 
col ected into tubes, and those containing the peak of 
infectivity and radioactivity were pooled and subjected 
73 
to a second gradient centrifugation. The peaks were again 
pooled and aesium chloride removed from the suspension by 
dialysing overnight against PBS ~ The suspension was 
stored at 4° C until required for useo 
(b) Preparation of RNA from poliovirus infected cells 
A spinner culture consisting of poliovirus infected 
U cells was set up at 37.2° C as in 7(a), and AMD and 
uridine-2-14c were added in the same manner at J.O and 
J.25 hours, respectively. · Incubation at 37.2° C was 
continued until 6 hours, when the suspension was chilled 
and the cells removed by light centrifugation and 
resuspended in 5-10 ml of PBS (minus calcium and magnesium 
salts). RNA from these cells was then extracted with 
phenol/SDS at 60° C, as described in J(a), and was 
precipitated twice with ethanol before being dissolv ed in 
1 - 2 ml of NET buffer. The suspension was stored at - 45° C 
until required for use. 
( ) Preparation of Replicative Form RNA 
One ml of the poliovirus RNA preparation obtained in 
7(b) was treated with 10 µg of ribonuclease for JO minutes 
0 
at 25 C. The mi ture was then centrifuged through 
prefo med 15-JO per cent sucrose gradients (26.4 ml) at 
18,000 r.p.m. for 16 hours using a Spinco SW-25.l rotor. 
Fractions were collected and those containing the peak 
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of acid insoluble radioactivity, which was resis ant o 
. 4 0 ribonuclease, were pooled and stored at= 5 Cu 
(ct) U cell ribosomal marker RNA 
An uninfected suspension culture, consisting of 
J x 108 U cells in 100 ml of spinner medium , was incubated 
0 
at 37s2 C for 18 hours in the presence of JO µc of 
· d · 2 14c ( . f. t. . t 50 / M) uri ine= = speci ic ac ivi y c o The cells were 
removed from suspension by light centrifugation, and were 
resuspended in 5 - 10 ml of NET buffero RNA was extracted 
0 by incubating three times with phenol/ SDS at 37 C for 
5 minutese After centrifugation, RNA in the aqueous phase 
was precipitated twice with ethanol and was finally 
redissolved in 10 ml of NETa Aliquots of Oo 5 ml were then 
0 transferred to vials which were stored at - 45 Ce 
(e) Tobacco mosaic virus (TMV) 
A sample of [ 3HJ TMV of high activity was obtainPd 
:from Dr AQJa Gibbs, and had been pr epared in the :fnllnwing 
manner ~= 
The virus was grown in leaves of the tobacco plant 
icotiana tabacum Le after manually ino culating the leaves 
with a mixture of TMV and dia tomac e ous ear h, the 1.a tter 
being used as an abrasives The types rain Ul of TMV was 
used, and infected plants were kept in a g lass house at 
20-24° C. After 5 days when symptoms of infection first 
became apparent, the leaves were detached from the plant 
and slices were made W1der water with a razor blade to 
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produce 5 mm ribbons at right angles to the main midrib of 
the leaf, leaving the margins of the leaf and the main 
midrib still intact. 
Excess moisture was removed and the leaves placed in 
Petri dishes, where they were treated with several drops 
of a solution containing 100 µc/ml of [ 3HJ adenosine 
(specific activity 4,000 c/M). After several hours, a 
minimal volume of water was added to keep them moist and 
he Petri dishes were exposed to indirect sW1light over an 
additional 2 days at 25° C. 
The virus was extracted by grinding the leaves in 
borate buffer (0.005 M sodium borate, 00018 boric acid, 
pH 7.0). The suspension was then subjected to low speed 
centrifugation to remove cellular material, and the virus 
present was sedimented by centrifuging at 39,000 rsp.m. 
for 2 hours in a model L ultracentrifuge using a 40 rotore 
The virus pellet was suspended in a small volume of borate 
buffer and finally purified by centrifuging for 2.5 hours 
at 2J,OOO r.p.m. through pre-formed 10-40 per cent sucrose 
gradients, using an SW-25 rotor. Fractions were collected 
and those in the region of the peak of radioactivity were 
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Figure J: Distribution of particle lengths in a susfension of [ 3H J TMV. 
Images from electron micrographs of a suspension of 3H ] TMV were 
obtained after negative staining with sodium phosphotungstate. Particle 
lengths were determined with a micrometer eye piece and are expressed as 
arbitrary units. 
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The virus suspension was examined fo r parti cle length 
homogeneity by mixing an aliquot of the purified suspension 
with neutral 4 per cent sodium phosphotungsta e and 
spraying onto the carbon film of an electron mi croscope 
grid. After d rying, the preparation was examined in a 
Siemens-Elmiskop electron microscope and 'photographs' were 
made of the preparation at a fixed instrument magnification 
of 20,000. Images from several micrographs were used to 
measure particle lengths, using a microme ter eye piece, 
and the type of distribution that was obtained is shown in 
Figure J. Clearly the suspension contained particles of 
uniform length, and this is supported from data on the 
homogeneity of TMV RNA after extraction in Experimental 
Section J. If extensive shearing of particles had occurred 
during preparation, the extracted RNA would be 
heterogeneous in its sedimentation behaviour and thus 
unsuitable for use as a marker in molecular weight 
de erminations. 
( f) RA Bacteriophage Rl7 
--------a.---=-----
A purified suspension of [JH] Rl7 was o tained from 
D A. • Gibbs . It was prepared from a virus soc k supplied 
b Dr A.J.E. Colvill and was grown and assayed in E. coli 
hfr met male bacteria, according to procedures ou lined 
by Watanabe and August (1967). The initial virus seed 
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was prepared from infected cells that were grown in LB 
medium (Loeb and Zinder, 1961) whereas, in the preparation 
of radioactively labelled bacteriophage medium 121 
(Hershey, 1955), was used. 
Two hundred microcuries of [3H] adenosine (4,000 c/M) 
was added to an infected 2 litre culture, containing 
8 2 x 10 cells per ml, throughout the time of viral growtha 
The cells were lysed and the virus present was purified 
according to the method of Watanabe and August (1967)a 
. 11 12 The final preparations contained 10 -10 p.f. u. of 
bacteriophage. 
(g) _S_e_m_l_1_·k_1_._F_o_r_es~_i_r_u_s_~(_S_F_V) 
Purified suspensions of [ 3H] SFV were obtained from 
Dr CaJa Burrell and were prepared as follows : 
8 A suspension of 3.5 x 10 BHK cells were infected 
with the Kumba strain of SFV at a multiplici ty of 5=10 
p.f.u. per cell. After adsorption at 4° C, the cells were 
0 grown in spinner culture at 37 C in med ium that consisted 
of modified Eagle's medium (MacPherson and Stoker, 1962), 
containing 10 per cent tryptose phosphate b roth, 10 per 
c ent alf serum and 0.28 mg per ml . sodium bicarbonatea 
The medium had been gassed with 5 per c ent carbon dioxide 
in air to give a final pH of 7.2 
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After 3.5 hours, 100 µc of [ 3HJ adenosine (4 000 c/M) 
was added and incubation at 37° C was continued until 9 
hours. Cellular material was then remo ved by low=speed 
centrifugation and the non-viral protein pre sent in the 
supernatant was partly removed by adding 0.8 ml o .f protamine 
sulphate to give a final concentration of 1 mg per ml. 
After shaking, the mixture was allowed to stand at 4° C in 
the dark for 2.5 hours and the precipitate was removed and 
discarded after centrifuging at 3000 r.pem. for 15 minutes. 
Virus present in the supernatant was then further 
purified by two centrifugations through pre=formed 30-50 
per cent (w/w) sucrose gradients at 23,000 r 9p.m. for 16 
hours using an SW-25.1 rotor. The gradients were prepared 
in buffer consisting of 0.1 per cent calf serum 0.1 M 
potassium chloride and 0.01 M Tris- hydrochloric acid 1 
pH 9.0. After each centrifugation fractions containing 
the peak of radioactivity and infectivity were collected 
and were stored at 4° C until required for use . The 
identity of the radioactive preparation was then checked, 
after negative staining, by examining under the electron 
microscope. Titres of about 109 p.f. u. per ml were 
obtained in this manner, when assayed in chick embryo 
fibroblasts. 
8. Sources of Chemicals 
Chemical 
[ 3HJ Guanosine-5'-triphosphate 
[JH] Adenosine-5'-triphosphate 
[ 3H] Uridine-5 ' -triphosphate 
Uridine-2-14c 
[ 3H] Adenosine 
Adenosine-, Guanosine-, Cytidine-
and Uridine-5'-triphosphate 
(ATP, GTP, CTP and UTP) 
Cycloheximide 
Pyruvate kinase 















Centre, Amersham, U.K. 
Sigma Chemical Co ., 
St Louis Mo .. , U.S.A. 
Calbio chem .. , 
Los Angeles , 
Calif., U.S.A. 
Eastman Or ganic 
Chemicals, 
Rochester, N.Y., U.S.A. 
British Drug Houses Ltd. 








Snake venom phosphodiesterase 
Puromycin dihydrochloride 
Caesium chloride (optical grade) 
Guanidine carbonate 
Source 
British Drug Houses 
Ltd., 
Poole, UoK .. 
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Packard Instrument Co. 
Inc., La Grange, 
Illinois, U.S.A. 
Ajax Chemicals Ltd., 
Sydney, Australia. 
Worthington biochemical 
Corp., Freehold, NoJ .. , 
U. S .. A. 
Nutritional Biochemical 
Corp., Cleveland, Ohio, 
U.S.A. 
Trana, American Potash 
and Chemical Corp., 
Los Angeles, UoS.A .. 
Fluka, A.G. Switzerland 
EXPERIMENTAL SECTION 1 
THE ISOLATION OF ADDITIONAL ts MUTANTS OF 
POLIO VIRUS 
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Mutants obtained so far with 5-FU may be b roadly 
grouped into those having defects in viral maturati on which 
o c cur to the right of the genetic map and those with 
defe c ts in the replication of viral RNA which o ccu r on the 
lefto Just how representative of the complete genome is 
the map shown in Figure 1 is Wlclear, but among the 
fW1c tions whi ch do not appear to be represented a r e those 
con c erned with the inhibition of cellular 28S and 18S RNA 
and protein synthesis in response to infection. Thu s 
a ttempts were made to obtain additional ts mutants o f 
p oliovirus whi ch are more representative of the 
ex r emities of the map, using mutagens other than 5-FU e 
In one series of experiments described below an exonuclease 1 
snake venom phosphodiesterase, was used in an at t emp t to 
induce terminal ts deletion mutants at the J ' -terminus 
of he genome. In other experiments the mutagen ic 
p r operties of nitrous a c id were studied. 
1.1 Studies with Snake Venom Phosphodiester ase 
This enzyme acts by removing individual nuc leo t i d es 
sequentially from the J ' -terminus of DNA or RNA 
polynucleotides (Razzell, 1963), although in ear lier 
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preparations traces of endonuclease activity were 
de ectable (Razzell and Khorana, 1959). Earlier studies by 
Holland, Mcclaren, Hoyer and Syverton (1960), had 
indicated that poliovirus infectious RNA could be 
inactiva ed with snake venom phosphodiesterase and a linear 
ype of inac tiv ation was seen, indicative of single=hit 
kine icso In the same paper, poliovirus RNA was shown to 
be insusceptible to the action of E. coli alkaline 
phosphatase, which suggests that the terminal J "=phosphate 
is not required for infectivityo The conc ept behind the 
w rk o be described was to treat poliovirus RNA with a 
suff"ciently low concentration of venom phosphod iesterase 
in order to remove some terminal nucleotides , it was h oped 
that such a p roc edure would leave the remainder of the 
RNA molecule still infectious, but would produce a ts 
defect in the particular protein specified by the gene 
ad ' acent to he J "-terminus. 
If poliovirus replication is similar to that of the 
RNA bacteriophages, a deletion of this kind would induc e a 
defe c in the viral polymerase. Two lines of evidence 
suppor this .. First, the direction of synthesis of viral 
RNA and pro ein is from the 5 " to the J " RA terminus 
(Augus, Banerj ee, Eoyang, Franze de Ferdinandez Hasegawa 
Hori, Kuo, Rensing and Shapiro, 1968) and, secondly, the 
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order of translation of the gene p roducts is, first, viral 
coat protein, then maturation factor and, finally, viral 
RNA polymerase (Spahr and Gesteland, 1968; Lodish, 1968). 
Analagous information is lacking for poliovirus and 
nothing is known of the specificity of the viral 
polymerase for the 3> terminal nucleotides in the 
replication of viral RNA. It is possible that terminally 
deleted molecules of viral RNA may be non-functional e 
Kamen (1969) has observed that the 3; terminal adenyla e 
of bac eriophage Rl7 may be removed without destroying 
viral infectivity, whereas the removal of the proximal 
cytidylate does destroy infectivity. The following 
experiments were conducted before many of the details 
concerning RNA bacteriophage replication became availableG 
Incubation mixtures were set up at 37° C, consis ing 
of 0.1 ml of infectious poliovirus RNA, 0.1 ml of enzyme 1 
and 0.8 ml of substrate diluent (0.01 M ammonium acetate} 
Oe3 M magnesium acetate, 0.1 M Tris-acetate buffer 9 
pH 8.8). A control mixture was prepared consisting of he 
same constituents but with PBS (minus calcium and 
magnesium salts) in place of enzyme a Concen rations of 
enzyme of 3 x 10-5 and 3 x 10-6 units per ml were used in 
each incuba ion mix ure and the reaction was stopped by 
diluting one hundred fold in RNA diluent ID (see 
Materials and Methods). Surviving infectious RNA was 
assayed by a replicate dilution series, us ing the cell= 
suspension assay described in Materials and Methods . 
The infectivity assay was adapted as a selective 
procedure for use in isolating ts mutants. Assays were 
carried out using 4 inch Petri plates (large enough to 
accommodate up to 200 discrete plaques) and these were 
incubated for one day at 37° C to allow the initiation of 
plaque formation by all the infectious RNA present in the 
assay sample. The plates were then transferred to 39 . 5° C 
for an additional two days before spraying with INT stain 
to reveal plaques. By this procedure it wa s hoped that 
plaques from unmutated parental virus would be much larg er 
than the mutant plaques with ts defects. Counts were ma d e 
of all plaques which were present on each p late and suspect 
mutant plaques were picked with a Pasteur p ipette and 
transferred to separate one day old U cell tube cultures . 
Three days were allowed for plaque virus multiplication to 
0 
occur before the cultures were frozen and s tored at -10 Co 
The progeny from each isolate could be later tested for ts 
charac teristics, according to the procedure described in 
Materials and Methods . 
Three experiments were conducted in this manner and 
the kinetics of inactivation obtained fr om one experiment 























Figure 4: The kinetics of inactivation of ts+ poliovirus 
infectious RNA by snake venom phosphodiesterase. Mixtures of 
infectious RNA, enzyme and substrate diluent were prepared as 
described in the text and were incubated at 37° C for varying 
times. The reaction was stopped by diluting in ID and surviving 
infectious RNA was determined by the agar-cell s uspension assay. 
Final enzyme levels of either 3 x 10-6 units (closed circles) or 
3 x 10-
7 
units (open circles) were used in two series of reaction 
mixtures . Mutants obtained under different conditions of 
incubation are indicated(+) . 
are shown in Figure 4. Superimposed on Figure 4 are 
the various ts mutants obtained from all three 
experiments under various conditions of enzyme 
degradation. 
In Figure 4 a rapid, apparently single-hit type 
85 
of inactivation occurs during the early stages of 
inactivation with the more concentrated enzyme 
preparation. Using the more dilute preparation, a 
slight shoulder can be seen in the earlier parts of the 
curve, which is suggestive of a 'multi-step' type of 
inactivation. Such an inactivation may allow for some 
degradation of proximal nucleotides without affecting 
viral infectivity. A flattening appeared in both 
curves after approximately 60 minutes of incubation, 
which may be due to aggregation or to secondary 
structures in a fraction of the RNA molecules, 
rendering them unsusceptible to further degradative 
attack. This flattening was not noted by Holland 
et al. (1960), although their maximum time of 
incubation was only JO minutes. 
As the total number of mutants isolated is relativ ely 
small and these are isolated from plates containing 
varying plaque numbers, it is difficult to define the 
actual mutant isolation rate for a particular set of 
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experimental conditions. However, it is possib le to a sign 
a total isolation rate for each experiment and t his varied 
from 10 per cent, in the experiment in which t s 701, 70 2 
and 703 were isolated, to 1-2 per cent for the rema i ning 
two experiments. The occurrence of mutants in Figure 4 
fails to indicate any particular set of conditions of 
incubation more favourable for their isolation, although 
the number of isolates is small . Both isolation rates 
appear to be considerably in excess of the spontaneous 
mutation rate for poliovirus of around 0.1 per c ent, a figure 
derived largely from mutant reversion frequencie s 
(P.D. Cooper, personal conununication). A total of sev en 
ts mutants was obtained and the best of these we r e 
prepared for use in recombination tests. The results o f 
recombination tests will be dis c ussed later in conjunction 
with a single nitrous acid mutant. 
1.2 Studies with nitrous acid 
itrous acid is a known mutagen for poliov i rus 
(Boeye, 1959; Carp and Koprowski, 1962), which a c s upon 
the RA genome in vitro by deaminating three of is 
c omponent bases: adenine, guanine and cytosine are 
converted o hypoxanthine, xanthine and uracil r e spective~y 
(Schuster and S hramm, 1958). In base pairing situa ons, 
hypoxanthine is specific for cytosine as is xanthine} 
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despite the absence of a third hydrogen bond in forming the 
base pair (Hayes, 1964). Thus, nitrous acid has a broader 
capacity to bring about base changes than 5-FU, although, 
as a consequence, many interactions will probably have 
multiple and lethal effects upon the capacity of the 
altered RNA molecule to undergo replication. Whole virus 
is inactivated at about three times the rate as infectious 
RNA, due to changes in virion proteins which are brought 
about by deamination (Boeye, 1959, 1962) and, therefore, 
for mutant isolations it was considered best to treat 
infectious poliovirus RNA with nitrous acid0 
Two types of isolation procedure were used. In the 
first, infectious RNA was treated with an equal volume of 
nitrous acid (prepared from a 1:1 mixture of M sodium 
ace ate and 4M sodium nitrite, pH 4.5) at room temperature 
(20° c). At various intervals the reaction was stopped 
by diluting one hundred fold in RNA diluento Assays of 
surviving infectious RNA were then conducted on four inch 
Petri plates, and the temperature shift procedure during 
incubation described above for venom phosphodie sterase 
experiments was used in attempts to differentiate mutant 
from unmutated parental plaques. Plaques were counted 
and small plaques were picked and their progeny grown up 
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Figure 5: Kinetics of inactivation of ts+ poliovirus 
infec"tious RNA by nitrous acid. Equal YDlumes of infectious 
RNA and 2 M nitrous acid were mixed and allowed t o act at 
room temperature (20° c) for varying times. The reaction 
was stopped by diluting in ID and surviving infectious RNA 
was determined by the agar-cell suspension assay. Mutants 
obtained under different conditions of expo sure t o the 
nitrous acid are indicated(+). 
88 
The kinetics of inactivation obtained from a single 
experiment are shown in Figure 5. A biphasic type of 
inactivation is evident from the curve with a rapid initial 
rate of inactivation and a flattening, which occurs after 
about one minute. The same type of inactivation was obtained 
in several other experiments. Carp and Koprowski (1962) 
noted a linear single-hit type of inactivation of type III 
poliovirus RNA with nitrous acid but, as their initial 
samples were not taken until after twenty minutes of 
incubation, it is possible they may not have been able to 
detect the initial rapid loss in infectivity. 
The reasons for the relative resistance of poliovirus 
RNA to further inactivation with nitrous acid after one 
minute are not clear. Possibly the initial rapid drop in 
infectivity occurs as a result of lethal interactions 
between nitrous acid and poliovirus RNA with the remaining 
fraction being shielded from further attack due to 
aggregation or RNA secondary structures. A similar 
relative resistance to inactivation was noted in the venom 
phosphodiesterase experiment. A number of similar 
experiments were carried out and superimposed upon Figure 5 
are the mutants obtained under various conditions of 
exposure to nitrous acid. 
In the second procedure, poliovirus infectious RNA 
was treated with nitrous acid for intervals of up to five 
minutes. The reaction was stopped by dilution as before 
and the remaining RNA was used to infect U cell monolayer 
cultures in milk dilution bottles. 0 Three days at 37 C 
were allowed for virus growth and, after freezing and 
thawing, the multiple cycle progeny was tested for the 
presence of ts mutants. 
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Because of the relative ease in plating whole virus 
compared with infectious RNA, the latter is a more 
convenient procedure for selecting mutant plaques. However 9 
a theoretical disadvantage of the use of multiple cycle 
progeny arises from the possibility of selecting 'sisters' 
o the same mutant in the infectious progeny. By directly 
pla ing mutagen-treated infectious RNA this problem does 
not arise. 
A total of three ts mutants was obtained by directly 
plating infectious RNA and six mutants were obtained from 
multiple cycle infectious RNA progeny. With both 
procedures an isolation rate of around 1 per cent of he 
o al progeny was attained. The best of these mu ans 
was prepared for use in recombination tests which are 
describ ed in the following section. 
Table 3 
Characters of ts mutants obtained by snake venom 
a phosphodiesterase and nitrous acid 








Snake venom Direct 701 l.0-6.2xl0 6.2xl0 
phospho- RNA d 

























































Mutagen treatment and isolation procedures are 
described in text or under Materials and Methods. 
0 Taken as the ratio of the total plaque count at 39.5 C 
to the count at 37° C. 
Taken as the ratio of revertant (ts+) plaques produc ed 
at 39.5° C to the total count obtained at 37° C for 
all virus. 
Mutants actually examined in recombination test s . 
9 
Table 3 is a list of mu ants that were isola ed 
ac ording o the procedures described in sec ions 1.1 and 
1.2. The various mutagen reatments used are ind ica ed in 
the able, ogether with the g rowth and reversion 
charac eri ics of eac h mutant at restrictive emperatureso 
F several mutan s the growth at 3 05° C compared with 
ha 0 =4 at 37.2 (eoo.p. 39 . 50) was less han 1.0 x 10 and 
socks of some of these were prepared for use in standard 
recombina ion es s, which are described in Ma erial and 
Me hods. 
Mos mutan s isolated after trea ment with nitrous 
acid had e.o.p. 39 . 50 values lower than tho e mutants 
ob ained from infectious RA after trea ment with ven0m 
ph sphodiesterase. Fur hermore, in the maj ri y of 
ni ous acid mu ants, th 1 · at 39., 5° e p aques appearing were 
small wi h 'leak' ra her han revertan charac teri tic . 
By analogy with other poliovirus ts mu ants such mutants 
uld have mul iple geneti c lesions (Cooper~ 1968). 
Mu ans ob ained after reatmen wi h venom 
pho ph dies ease diesterase ex.hibi ed a range in 
e. •P• 39 . 5 0 va ues from 1.2 x 10-
2 =4 
0 1.0 X 10 o Plaques 
appea ing at 39.5° C were qui .e frequen ly rever a.nt (ts+) 
in charac er which argues against the gene i d efec in 
Cross 
J self 
28 g self' 
701 self 
702 self' 
ts+ g self(d) 
ts+ self'(d) 
28g JC J 
28g JC J 
28g JC 701 
28g X 701 
28g JC 702 
28g JC 702 
TABLE 4 
RE~ ULTS OF TIIE CROSSES 28g x J, 28g x 701 AND 28g x 702(a) 
Virus Assays(b) 
Percentage J9.5°, 10 ugm/ml. J9.5°, 200 µgm/ml. J7o, 10 µgm/ml . J7o, 200 µgm/ml. 




-5 5 10 1/JxlO X 10 10 1/JxlO X 10 10 1/JxlO X 10 10 1/JxlO X 10 
6,2 0,1 O.OJ 0,0 0,0 
- 54,51 18,19 5J4 0,0 0,0 
- 0.006 <0.001 11,6 J,J 0.09 8,10 J,J 0.09 49,40 12,lJ 429 51,42 14,12 447 0.021 f o.021 24,18 9,6 0.21 0,0 0,0 
- J1,J9 10,10 JJ8 0,0 0,0 
- 0.062 <0.001 Jl,25 7,6 0.26 0,0 o,o 
- 91,81 22,20 804 0,0 0,0 
- O.OJ2 <0 .001 4J,50 lJ,17 462 65,J2 10,12 447 49,48 12,10 447 J4,50 24,14 459 100 100 71,94 J9,- 914 0,0 o,o 
- 79,81 J2,27 82J 0,0 0,0 
- 100 <1 (e) 
( f') SC, SC 60,69 l.94 97,118 J9,J9 1.10 58,48 16,16 519 19,2J 8,14 241 O.J74 0.212 SC, SC 48,57 1.58 122,89 40,J7 1.08 42,Jl 14,9 J61 19,19 5,10 199 o.4J8 0.299 62,56 17,24 0.60 J6,J8 14,17 O.J9 50,J4 17,9 414 25,21 9,10 244 0.145 0.094 75,7J 24,22 0.7J 44,47 10,- o.42 58,55 15,14 5J4 25,25 11,8 259 0.1J7 0.079 89,84 JJ,22 0.86 6,- 0,2 0.05 66,70 18,20 654 27,28 5,8 256 O.lJl 0.008 65,65 25,27 0.158 7,7 
-,1 0.06 65,75 22,22 692 JJ,16 14,5 256 0.098 0.009 
The procedure was the standard recombination test described in Materials and Methods. 
( a) 
(b) 
Plates and bottles were incubated f'or three days at J7° and J9.5° C respectively . One tenth of' a millilitre 
of' the dilutions indicated was added to each assay container. 
(c) 
(ct) 
Af'ter correction f'or spontaneous reversion. 
-5 All dilutions of' ts+ and ~+g plated were 10 
(e) S.C. = semi confluent. 
-5 
and 1/JxlO 




















h pa . i ular mu ants concerned being caused by JP 
e m·na dele ion c I seems improbable ha orde ed 
eg ne a in of a erminal segmen, several nucleo ides in 
leg h ld occur a he reversion ra es indica ed fr 
hese m ans in Table 3., 
Two venom pho sphodies erase mutan s, ~=701 and 
~~=702) wee e a mined in duplica e for heir ability to 
0 e co m ne wi h ~=28g? using he standar d recombina ion 
e d escr·bed in Material s and Methods o S andard 
~=28g x ~=3 were carried out in paralle 7 





es were conduc ed at J7o2 C and 39.,5 C in the 
ence of h"gh and low guani dine concentrationso The 
e e pe imen al resul s from these cro sses are set 
Ta e 4 and he summarised reco mb ina ion 
eq n ies are presen ed in Figure 6., Also included in 
Fig r ·e 6 are he e comb ina ion frequencies from the cross 
2. 8 x 23 wh · ch wa ca ri ed out on another occasion:, us111..g 
a d . f'fe e e con ols .. The recombina ion f equen .1. p, s 
n he la er ss are standardised by means of he 
(' 28g 3} wh"ch was u ed in both 
e p . nd"vidual da a here are no presented., 
F m F·g 6 he defe c in ts=701 appears to be 
o a ed some 0 .. 06 map dis ance units to the righ of the 
FREQUENCY OF ,ll+ RECOMBINANTS [ % ]
0 0·1 0·2 0·3 0•4 0·5 0•6 . 
2agx3 
_... 





















2agxs23 +- ~ (<O• 001 ~og} 
-, 
702, 28 701 523 g 3 
Figure 6 : Summary of data from recombination tests. Recombinat ion 
f requencies from replicate crosses of 28g x 701 and 28g x 702 in 
Table 4 are arrang ed in relation to the standard cross 28g x 3, 
which was carried out at the same time . Also included are data for 
the cross 28g x 523 obtained in another exper iment . Frequencies 
f r om the latter cross are standardised in relation to the other 
test s by reference to the standard cross 28g x 3. The ts def ect in 
ts-28g i s arbitrarily fixed at 0.1 ma p d i stance units, as i n Figur e 1. 
~~ de ec i ~=28g and his is suppor ed by he similar 
va ues o a ·ned fo bo h ~ and 2 g recombinan s., 
Mu ~=702, whi hp o duc ed no s 
-
g recombinan in 
c osse w· h 2=28g appears o possess a s defect abou 
006 map di ance uni s o he left of hat in ts=28g., 
0 he ~~ dee s may exist to the right and lef of those 
d e n ~=701 and ts=702 respec ively, bu fur her 
o addi ·ve recombina ion frequenci es are necessary 
' 
o dem s a e his using mutants with known single 
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d fees 
·gh of the defect in ts=701 and to the lef of 
a 2=7020 Mu an 2=523 appears to have a leas 
e ~ defe c approx ma ely Oe05 units to the lef of the 
c::; de ec n 2=28g., 
~
me i ned earlier in the In roduc ion mu ants 
hat a e dee ive in heir capacity o allow the 
sy he viral RNA fal in o two functional ca egories::, 
whi ha e ep en ed by S=20 and ts=28 ga Mutan s 
~=702 ad= 23 have defe c s which appear to lie close o 
a f ~=20 ( ee F"gure 1), which is de c ive in its 
pa i y o all w he syn hes·s of bo h single and dou le= 
a d d RA de e ·c ive conditionse Mu ans wi h 
he ·gh and o he lef of defe c in ts=701 are 
dee ive n heir apaci o al ow syn hesis of single= 
s anded u n double-s randed RA under similar 
onditions ( Such properties have 
een ci ed by Cooper et alo as evidenc e for the existenc e 
of wo polymerase enzymes one concerned with d ouble= 
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s randed templa e formation and the other with the syn hesis 
of nascen progeny RNAo The actual in vitro separation of 
foot=and=mou h di ease viral polymerase into two 
func ional components (Arlinghaus and Polatnick, 1969) 
ends to confirm the genetic evid ence. 
If a two=enzyme model is operative, then it seems 
highly improbable that the defect in ~=701 is produc ed 
as a result of a J'=terminal deletion, for such a mutan 
would be lacking in that part of the genome which specified 
he fir t polymerase enzyme required for the syn hesis of 
viral RNA. As mentioned above, both ts=701 and ts=702 
- ~ 
have reversion characteristics which also suggest they are 
not dele in mutantse Thus ts=701 and =702 may have arisen 
y p on aneous mu a ion) in which case they probably p ossess 
single defects;, r they may have arisen from some hi herto 
une plained mu agenic proper y of snake venom 
ph sphodies erase. The rela ively high total isolation rate 
f hese m an (1=10 per cen) is difficul o reconcile 
ri h p n aneous mu a ion .. 
ni ous a id mu ans were no 
I was unfor unate ha more 
examined in re ombina ion 
e ts for i would be in eresting to know whether all hese 
mu ans have defects in the same region of the genome as 
f or ~-523. 
Summary 
Addi ional ts mutants of poliovirus were obtained 
af er treatment of poliovirus infectious RNA with the 
mu agen nitrous acid or the exonuclease snake venom 
pho phodie erase and the kinetics of inactivation of 
infectious RNA for either reagent was studied. It was 
h ped to produce delet ion mutants at the 3 ~ terminus of 
the viral RNA wi h venom phosphodiesterase. 
Three of the best of the mutants were used in 
reco m ination tes s with the well characterised mutant 
ts-28g 9 and each was shown to have at least one defect in 
he regi n of the genome concerned with viral RNA 
ynthesi. Rea ons are given for believing that the 
mu ants obtained after treatment with snake venom 
94 
pho phodies erase do not arise due to exonuclease ac ivity. 
EXPERIMENTAL SECTION 2 
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Polymerase Studies with ts Mutants of Poliovirus 
Poliov·ru RA synthesis is mediated by a vi al coded 
enzyme referred to in his section as an RNA polymerase 
wh' his induc ed in susceptible cells in response to 
'nfec ion .. The existence of such an enzyme or complex of 
enzymes (in his section the term 'enzyme' is used 
olle c ·vely to mean either) had been previously inferred 
m o bserva ions in mengovirus infected L cells ~= 
(a) 1 al eplication may take place in the absenc e of 
cellular DA func ion and (b) replication can be 
preven ed by the addition to infected cell cultures of 
p myc in an inhibitor of protein synthesis (Franklin and 
Bal im r e 1962)G The first in vitro demonstrati on o f 
v i al polymerase a c tivity was achieved by Baltimore and 
Frankl'n (1963) using mengovirus infected L cells, and 
Ba im e (1964) described a similar activi yin HeLa 
c ells infe c ed with ype II poliovirus .. 
Several~ mu ans of poliovirus are defe c tiv e in 
he· c apac y o synthesise viral RNA when g rown in c e lls 
a 9e6° C (Wen o he al. , 1968) and it seemed 
r ea nable believe ha a least some of these mu ans 
owe heir defe iveness o mutations in genes that either 
Table 5 
Effects of varying the components of the reaction 
mixture upon polymerase activity a 
Experi-
ment V . t· b aria ion Polymerase Per Cent 




nil ( il 
nil (ii 
Minus ATP, CTP and UTP 
Boiled enzyme 
Minus ATP generating 
system 
d Plus 10 µg RNA 1 se 
Plus 1 mg bentonite d 
nil 
Plus 100 µg puromycin d 





















a. Standard mixtures were prepared as described in 
Materials and Methods using a 6 hour ts+ polymerase 
preparation. Incubation was for JO minutes at 35° c. 
b. Details of variations in procedure are given in text. 
c. Polymerase activity is expressed as µµmoles GTP per 
mg protein in the enzyme preparations 
d. Added in a volume of 50 µl to complete reaction 
mixtures. 
o de or or have functions closely assoc iated with vjra.l 
RA p ol merases. A compara ive study wa, therefore , madP. 
f he p olymerases induced in U-cells in respons e to 
in e c ·on by a number of ts mutants of p oliovirus 1 in 
+ co mpa ison with the parental strain ts. These s tudies 
a e des c ibed in the latter part of this se c tion s The first 
par is conc erned with characteristic s of the p olymera.se 
indu ed bys ain ts+ in U cells, as a basis or comparis0n 
wi h polymerases induced by ts mutan s. 
2.,1 he p olymerase induced by p oliovir1~ 
( a) of varying the co mpo~ents of the p o1ymera;!'"~ 
In an examination of he type of polymerase activity 
ind c ed in U cells in resp onse o infec tion by t~+, the 
anda d reac ion mix ure des cribed in Mater ials and 
Me hods was mo dified in several ways and the effect!3 n.f 
s ch m difica ions are shown in Table 5G Polymerase 
a iv y is measured as incorporation of [ 3H] GTP into a 
TCA insoluble frac ion and, from referenc e t o rad ioact.lve 
s anda ds, is p essed as µµmoles of GTP incorp orated 
\ 
pe m·11·g a m of otal pro ein in the prepar a tion s In a 
epa e experimen the effec s of two inhib i nrs of 
pro ein yn hesis upon in vi ro polymerase a c 1vity were 
s died and hese results are also inc luded in the table ~ 
n c uba ion fall mixtures was for thirty minu es a t 
35° Co 
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The r esul s suggest that the enzyme responsible £or 
incorpora i on is a heteropolymerase, that is an enzyme 
which requires ribonucleoside triphosphates other than GT.P 
as subs ra e. Incorporation in mixtures containing GTP 
alone, was only about 5 per cent of the value obtaine d 
when all f our ribonucleoside triphosphates were pre s ent~ 
and this could reflect homopolymerase activityo Such 
enzymes have been described from both infected and 
uninfec ed cells, which are capable of termally 
incorporating ATP into pre-existing RNA, parti cularly 4s 
RA (Dalgarno e ale, 1966). However, incorporati on by 
GTP alone may constitute non-enzymi c 'back-ground ' activity:} 
as he heteropolymerase activi y of a normal reac tion 
mi ure was reduced to a level a little in excess of that 
in mi ures con aining GTP alone, when the p o lymerase 
p epara in was first boiled for five minutes before using 
in he mix ure. Such a procedure would normally de s troy 
mos types of enzyme activity. 
Polymera e a c ivi yin reac ion mixtures con aining 
n added ATP g enerating system was reduced by abou 53 per 
en o The reas ns f r this are not clear but d o n ot 
appea o be rela ed to the presence of ATP 1 ase activi y
9 
as a considerable excess of ATP over that needed for RNA 
syn hesis is present in the complete reaction mixture. 
In reaction mixtur es, maximum levels of GTP inc orporated 
were of the order of 100 µµmoles per mg protein ; 50 , 000 
µµmoles of ATP were present. 
The addition of 10 µg of ribonuclease to the 
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complete standard mixture caused a reduction of only about 
35 per c ent in polymerase activity. The same level of 
ribonuc lease under identical conditions of incubation 
c omple ely degrades single stranded poliovirus RNA (data 
not pr esented)e Baltimore and Franklin (1963) observed a 
similar relativ ely low level of inhibition by ribonucl ease, 
using polymerase preparations from cells infected wi t h 
mengovirus. 
The addition 1 mg of bentonite to reac tion mixture s 
stimula ed polymerase activity by about 25 per c ent , d u e 
p r obably to its a c tion upon ribonuc lease and other 
degr adative enzymes upon newly synthesised RNA or t empla e 
RA (Br ownhill , Jones and Stacey, 1959). Evidenc e f or 
his was shown in a separate experiment (data n ot 
p esented) in whi ch the reduc tion in polyme r ase activity 
caused by adding the addition of 10 µ g of ribonucle as e 
wa comple ely rev e r sed by the simultaneou s addition of 
1 mg of bentonite to a reac tion mixture. 
Pur,omycin and cycloheximide, both pot ent inhibitors 
of protein synthesis in animal cells, had only slight 
inhibitory effect s upon in vitro viral polymerase 
activi y. This finding is in agreement with that of 
Eggers 1 Baltimore and Tamm (1963) for the p o lymerase of 
mengovirus . The results from these experiments indicate 
hat the ype of activity measured in complete reaction 
mixtures is similar to that reported for the p olymerases 
of other RNA viruses (Baltimore and Franklin, 1963 9 
Horton, Liu, Martin and Work, 1966; Martin and Sonnabend
9 
1967; Scholtissek and Rott 9 1969). 
(b) The kine i c s of in vitro polymerase a ctivity 
The time c ourse of in vitro polymerase activity was 
s udied fr individual preparations of viral p olymerase 
y preparing a series of standard polymerase reaction 
mix ures and incub ating for various times. The reaction 
was stopped af er incubation by adding 0.5 ml of Oel M 
99 
s dium pyrophosphate to each tube and placing the tube in 
an ice bath. Af er precipitation and washing with 10 per 
cen TC, as described in Materials and Methods
9 
polymerase 
ac ivi y was de ermined from the radioac ivity of each 
sample. 
The resul s o f two separate experiments are shown in 





































OF INC UBATION (MINUTES) 
Figure 7: The kinetics of in vitro polymerase a c t i v ity . Standard 
reaction mix tures containing 6 hour ts+ or t s -20 polymerase preparat i ons 
from infected cells, or an extract from uninfected cells, were i ncubated 
for varying times as described in the text . The r eact ion was s topped by 
the addition of 0 .5 ml of 0.1 M sodium pyr opho s pha te . The r e s ul ts fo r 
t wo experiments are shown. In one (open symbols) a n i n cubat i on 
temperature of 37° C and an ATP generating system consisting of creat i ne 
phosphokinase/creatine phosphate was used ; in the other (closed s ymbols) 




of incorporation at 37 Care shown, using polymerases 
prepared from cells infected with either ts+ or ts-20 for 
0 
six hours at 37 C. Also included in this experiment are 
the results from a parallel series containing an 
uninfected cell extract prepared in the same manner as the 
polymerase preparations. The ATP generating system 
consisted of creatine phosphokinase/creatine phosphate 
(6E.U./6µmole~. In a second experiment (closed symbols) 
+ the kinetics of a different preparation of ts polymerase 
were studied using an incubation temperature of 35° C and 
2-phosphoenol pyruvate/pyruvate kinase (6 E.U./6µmoles) as 
the ATP generating system. 
The results from Figure 7 suggest that the kinetics 
of polymerase activity for all preparations are very 
similar, with near-maximum values for incorporation being 
attained after 15 m-inutes of incubation and further 
increases in activity after this time being relatively 
small. In the first experiment, the final level of 
activity for the polymerase of ts-20 appeared to be 
significantly lower than that of ts+. This finding has 
been no ed elsewhere (Experimental Section 2.3) and appears 
o be a feature of the production of polymerase by this 
0 mutant at temperatures between 33 and 39.5 C. 
Pol merase activity in the uninfected control preparations 
lOl 
showed only a slight increase with time of incubation 
and remained at levels that corresponded to the zero time 
+ values for the p o lymerases of ts and s - 20 in the fi2st 
experiment. Similar kineti c s o f incorporation have been 
no ed, without exc epti n, f or several other animal 
virus-induced RNA polymerases (Baltimore and Franklin 9 
1963; Horton e al.'} 1966; Martin and Sonnabend, 19673 
Plagemann and Swim 1968~ Scholtissek and Rott 9 1969) . 
Further experiments (data not presented) revealed 
0 
that 35 C was the most suitable incubat ion temperature 
+ for ts polymerase. At this temperature, there appeared 
to be little difference in a c tivity when either ATP 
generating system was used, and, for reasons of 
availability, 2-phosphoenol pyruvate/pyruvate kinase, 
at the concen ration des c ribed above, was used throughout 
the remainder of the experimental work. On the basis of 
the results in this section and unless otherwise stated;, 
an incuba ion time of 30 minutes and a temperature of 
35 C was used for de ermining he a ctivity of all 
polymerase prepara ions. 
In this e perimen hree ba ches of polymerase were 







Results of assays of different polymeras e 
preparations conducted at different times a 
Preparation 1 
.Preparation 2 Preparation 3 
20.4 b 26.0 15.8 
25.6 23.5 23.2 
24.5 36.5 25.4 
-
16.7 23.2 26.2 
18.o 25.0 27.0 
13.4 22.8 21.8 
25.8 38.2 29.2 
22.8 31.5 21.0 
20.7 31.1 25.5 







a. Details for this experiment are given in the text. 
b. Results of each assay are expressed as µµM GTP 
per mg protein in the enzyme preparation. 
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occasions. A single large batch of U cells (approximately 
1.0 x 109 cells) was infected with ts+ at a multiplicity 
of 3-5 p.f.u. per cell and in a final volume of 20 ml, for 
two hours at 4° C. One third of the infected suspension 
was then placed in each of three spinner flasks containing 
200 ml of Spinner Medium (see Materials and Methods), 
which was pre-warmed to 37 ~2 Cina waterbath. Incubation 
0 
of the spinner cultures at 37.2 was continued for 6 hours 
when they were chilled, and separate preparations of 
polymerase were made from the cells of each flask, as 
described in Materials and Methods. Each polymerase 
preparation was then divided into three separate 1 ml 
0 lots, which were stored at -15 C. 
Assays of a single batch of each preparation were 
carried out on the following day and then at two 
successive weekly intervals, using the standard reaction 
mixture outlined in Materials and Methods and an 
0 incubation time of JO minutes at 35 C. Estimates of 
the protein content of each polymerase preparation were 
also made and the summarised results of all assays are 
presented in Table 6. 
The significance of errors arising from the use of 
different polymerase preparations and those due to the 















Analysis of variance of the data in 
Table 6 
--Degrees Mean 
of Square F Significance 
Freedom 
74 . 28 
0.05>P>0.025* 2 74.28 18 . 24 = 4 • 0 7 
2 137.95 137.95 _ 7 56 18.24 - • O.Ol>P>0.001*-* 





P and W, respectively) was assessed, statistically, by 
applying a two-factor analysis of variance to the data in 
Table 6. A summary of the components of variance is 
presented in Table 7. 
From the analysis 1 the variance due to interaction 
WP, when tested against that of the residual variance , 
was found to be not significant (P <0.1) and this allowed 
for a revised estimate of the residual variance by 
pooling the sums of squares of the old residual with those 
of interaction WF, and dividing by· the combined nwnber of 
degrees of freedom. Each of the variances of the main-
effects Wand P were then shown to be significantly 
greater than the new residual variance. Thus 1 errors in 
assays of replicate polymerase preparations when carried 
out at the one time 1 and those arising when assays of the 
same preparation are made at weekly intervals are 
significantly greater than errors in replicate assays of 
a single preparation when carried out at the one time. 
These findings may not apply for polymerase samples 
with activities of 70-100 µµ M GTP per mg of protein, 
which are frequently obtained from ts+ infected cells. 
However, because of the numbers of cells required to 
obtain as many samples with this level of activity, a 
similar analysis was not carried out. The variability 
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that occurs between samples prepared in replicate spinner 
flasks may arise from any of the numerous steps involved 
in preparing the polymerase enzyme. Such errors must be 
taken into account in the interpretation of some results 
in Experimental Section 2.2, where the nature of certain 
experiments demands a comparison between polymerases 
prepared from cells in different spinner flasks. 
From Table 6 1 the mean of all values from each time 
of assay suggest that there is no significant loss in 
0 
activity due to storage at -15 C. Other findings to be 
described in Experimental Section 2.2 also suggest 
that preparations of ts+ polym~-rase are relatively stable. 
(ct) The relationship between polymerase activity and 
relative concentration 
For most enzymes, a linear relationship exists 
between activity (maximum velocity) and relative 
concentration over much of the range of enzyme concentration 
(Dixon and Webb, 1958). Where an attempt is made to 
compare levels of enzyme activity between various 
preparations, as with the polymerase assays in this section, 
a demonstration of linearity is necessary as a criterion 
of validity for the particular assay system. 
In an attempt to demonstrate such a relationship in 
the polymerase assay system described above, a closely 
3 
• • Cytoplasmic diluent 
o o Polymerase diluent 
0 2 
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RELATIVE POLYMERASE CONCENTRATION 
~igure 8: The relationship between polymfrase activity a n d 
relative concentration. Dilutions of a ts polymerase 
preparat ion were made (a) in a cy top lasmic extract obtained 
=rom uninf ected cells and adjusted wi th Polymerase Diluent to 
the same protei n c oncentration (1. 21 mg per ml ) a s was present 
in the polymera se preparation, and (b) Polymerase Diluent . 
Standard react ion mix tures containing the diluted polymerase 
were then prepared and act i vities determi ned in the us ual 
manner . 
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spaced series of dilutions of a preparation of ts+ 
polymerase was madee The diluents used were (a) Polymerase 
Diluent (see Materials and Methods), and (b) an uninfected 
cytoplasmic extract, which was prepared from the same 
batch of cells an_d adjusted to the same protein 
concentration as for the polymerase (1e21 mg/ml) with 
Polymerase Diluentg Reaction mixtures containing the 
diluted polymerase were then prepared and enzyme activity 
was determined from the TCA insoluble radioactivity of 
0 
each mixture 1 after incubation at 35 C for JO minutes. 
The results obtained are presented in Figure 8 1 which 
shows that a linear relationship exists between enzyme 
activity and relative concentration of enzyme in both 
diluents . 
In neither case do the lines obtained extrapolate 
to zero activity with the ordinate and this could be due 
to either non-enzymic incorporation of GTP, or to some 
enzymic activity 1 which catalyses the addition of GTP to 
pre-existing cellular RNA (see Experimental Section 
2.l(a)). Such activity can be seen at low polymerase 
concentrations, where there is a considerable difference in 
incorporation between preparations that are diluted in 
Polymerase Diluent and uninfected cytoplasm. This 
difference is probably due to the 'background 9 in 
corporation by uninfected cell extracts. 
Thus 1 in the preparation examined, a linear 
relationship exists between polymerase activity and 
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relative enzyme co ncentration. Similar findings were also 
noted in a preparation of ts-28 polymerase with a protein 
concentration of 1.78 mg per ml and an activity of 16 µµM 
GTP per mg protein. A linear relationship has been 
demonstrated between activity and relative concentration 
for the polymerase of encephalomyocarditis virus 9 (EMC; 
Horton, et al., 1966) and Semliki Forest virus (Martin and 
Sonnabend? 1967). 
(e) The time of synthesis of polymerase, infectious RNA 
and complete virus in U cells infected with .1.§+ 
In this experiment an attempt was made to correlate 
the synthesis of polymerase 9 infectious RNA and co mplete 
infectious virus in infected U cellse 8 About 6.0 x 10 
cells were infected with ts+ at a multiplicity of 3~5 p.f.u. 
per cell in a final volume adjusted to 20 ml with PBS. 
The suspension was rocked at 4° C for two h ours to allow 
virus t adsorb 9 before transferring the suspension to a 
large spinner flask containing 180 ml of Spinner Medium 
0 (see Materials and Methods), prewarmed to 37.2 Cina 
waterbath . A s e cond flask contained an uninfected cell 
suspension of 2.0 x 108 cells in 60 ml. 
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TIME AFTER INFECTION (HOURS) 
Figure 9: The time course of synthesis of polymerase, infectious RNA 
and complete virus in U cells infected with ts+. Suspensions of 
infected and uninfected U cells were grown at 37.2° C in spinner 
culture and samples taken after varying times. Polymerase activi t y i n 
cells and the virus and infectious RNA p resent in whole infected 
suspensions were determined according to standard procedures . 
• = complete virus, • = infectious RNA, ---- o ---- = polymerase activity in infected cells, 
----o ---- = polymerase activity in uninfected cells. 
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0 n c uba · on of the spinner cul ures at 3 7 92 C was 
c ntin ed r several h ours and JO ml samples of each cell 
su pension wer e taken a various in ervalso Twenty five 
ml o each su pensi on were used to prepare p o l y merase assay 
sample while he r emainder, in the c ase of t he virus 
infec ed suspensions, was used for the assay of virus and 
infe c i o u R Ao A says of each were c arried out as 
de er· ed in Ma erials and Methods and the r e s ults of the 
e per· men are presen ed in Figure 99 
The resul s show hat maximum levels of p olymerase ~ 
infe 
·ous RA and c omple e virus are reached after 6 
h urs f infe c i on a 3792° Co By comparison t he level of 
p o lymerase a c ' v i yin he uninfec ed control sample 
rema·ned fairly cons an over the first 4o5 h ours . Maximu m 
lev els f polymerase wer e obtained at 6 hours b y 
Bal imore and F anklin (1963) in mengovirus infected L cells , 
and a 5.5 hours fo r EMC virus polymerase by Horton 7 Liu, 
Da ga no Mar in and Work (1964). Progeny virus and 
infec ious RA were first de ec able between 2 and 4 
h us a er infe i on. According to Cooper (1964 b) the 
e lip e pe id r p l i v i r us is 2.6 h ours and pro geny 
in e c u RA c an fir be dete c ed a 2.0 h ou:rs .. 
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(f) produced in vi ro by reac ion 
polymerase 
This section describes the examina ion by 
edim n .a ion analysis in sucrose gradients of RA produc ed 
y polymerase reac ion mix urese 
Three separa e reac ion mixtures (A, Band C) were 
prepared u ing he same 6 hour ts+ polymerase preparation 
and he mo re concentra ed reaction mixture for gradient 
analysis (see Materials and Methods). The isotope used 
was TP (50 mµ M1 1000 c/M) and 1 mg of bentonite 
w s also included because of the enhancement in total 
ac iv y i confers (Table 5)e 
Reaction mix ure A was incubated for 10 minutes and 
Band r JO minu es a 35° C and RNA was prepared by 
e rac ion wi h phenol/SDS a 0 60 C, as described in 
Mate 'als and Me hods. To each extract was added 0.2 ml 
fa preparation of 14c U cell ribosomal marker RNA, and 
e rac was in uba ed with 10 µg of ribonuclease for 
JO min es a 25 
• 
All hree ex ra s were hen centrifuged for 270 
·70 es a hough pre=formed 15-JO per cen sucrose 
adien s a J6]500 r~p. ms using a Spinco SW=J9 rotoro 
Fa ins from each gradien were callee ed and one half 
of hose f m A and B wee incubated with 1 µg of 
ribonu lease a 25° C for JO minutes. All fractions were 
3H r5 A s s B 51 l't 
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Figure 10: Sucrose-gradient analysis of the RNA product of a ts+ 
polymerase preparation. Standard reaction mixtures containing 
bentonite were incubated for 10 minu tes (mixture A) or 30 minutes 
(mixtures B, C and D) and [3H] DTP RNA extracted with phenol /SDS at 
60° C. [ 14cJ ribosomal RNA was added to extracts A, Band C and 
[14c] Replicative Form marker to D. Extracts of C and D were 
treated with lOµg of ribonuclease for 30 minutes at 250 C and all 
preparations then centrifuged through 15-30 per cent sucrose 
gradients for 4.5 hours at 36,500 r.p.m .. Half the fractions f rom 
gradients A and B were treated with lµg of ribonuclease for 30 
minutes at 25° C. The distribution of acid-insoluble radioactivity 
fo r all gradients is shown. 
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then placed on paper strips, which were acid washed as 
described in Materials and Methods, and the radioactivity 
present on each determined using a liquid scintillation 
coun er .. 
The results for all three gradients are shown in 
Figure 10 (A-C) . In an add itional experiment 
(D) 9 RNA from a JO minu e reaction product was examined 
after ribonuclease treatment, as in reaction mixture C, but
9 
in place of ribosomal RNA, 0. 2 ml of 14c Replicative Form 
RA from poliovirus infected cells (see Materials and 
Methods) was used as the marker. From Figure 10 a broad 
distribution of [JH] RNA for the 10 and JO minute reaction 
product can be seen in gradients A and B .. About half 
he RNA was resistant to the action of ribonuclease which 
suggests that a complex of single- and double-stranded 
RNA is present 9 such as is found in the Replicative 
n ermedia e obtained from in vivo pulse-labelling 
exper·men s (Bal imore and Girard, 1966). RNA from the 
10 minu e reaction mixture is distributed more broadly to 
con ain m re low-m lecular weight material than can be 
seen in B 9 where RA from he JO minute reaction mixture 
as e am·ned. This ould be related to differences in he 
l g h of na ent single-s randed progeny in he omplex 
which may var according to the length of the incubation 
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time. Similar RNA profiles were obtained from polymerases 
prepared from cells JoO and 4.5 hours after infection, but 
no evidence for a separate peak of 35s viral RNA could be 
found. 
The peak of ribonuclease=resistant radioactivity 
could be sharpened considerably if the product was treated 
wi h ribonuclease before centrifuging (gradient c), and, 
in gradient D, the ribonuclease-resistant component is 
shown to have a similar sedimentation coefficient to the 
ribonuclease-resistant Replicative Form. 
The results obtained in Figure 10 are in conflict 
with those of Baltimore (1964) for the product of type II 
poliovirus RNA polymerase, and by Dalgarno et al. (1966) 
for ha of EMC 1 in which relatively large peaks of 
single~s randed viral RNA and smaller peaks of Replicative 
In ermediate were ob ainedo More recently, however, RNA 
polymerase preparations of mengovirus (Plagemann and 
· sw·m, 1968), foo =and=mouth disease virus (Arlinghaus and 
Pola nick, 1969) and poliovirus (Girard, 1969) have been 
sh wn o pr duc e RA structures similar to the Replicative 
In ermedia e bserved from in vivo pulse-labelling 
experimen s. Here he RNA sedimen ed as a heterogeneous 
spec·es in sucrose gradient's as in Figure lOA and Band 
was par ly resistant to ribonuclease. However, the 
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distribution of radioactivity for the RNA products of 
these polymerases was more in the region of the 28S rather 
than the 18S marker, in contrast to that seen in Figure 10. 
This differenc e in distribution may be due to a partial 
breakdown of the Replicative Intermediate during phenol 
extraction at 60° C to release partly completed single 
strands from the complex, or to the action of degradative 
enzymes in the U cell polymerase preparation. 
Such a breakdown after extraction at 60° C with 
phenol/SDS was noted for in vivo labelled poliovirus 
Replicative Intermediate by Bishop and Koch (1969). 
(g) Thermal transition properties of the RNA produced 
by ts+ polymerase reaction mixtures 
The following experiments were carried out in order 
to study the stability of RNA species produced by ts+ 
reaction mixtures at various temperatures. They also 
served as additional tests of identity between double-
stranded RNA synthesised in vitro and Replicative Form RNA. 
In order to produce large amounts of polymerase RNA, 
three standard reaction mixtures containing ts+ polymerase 
and 1 mg bentonite were prepared using [JH] GTP (1000 
c/M; 50 m µM) as the labelled nucleoside triphosphate. 
After incubation for JO minutes at 35° C, RNA was prepared 
from the reaction mixtures by three extractions with 
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0 phenol/SDS at O C. A lower temperature of extraction was 
used in order to preserve any Replicative Intermediate 
which may have been partly dissociated at the higher 
temperature (60° c) used in earlier studies. RNA from the 
reaction mixture was pooled and diluted 1:5 in NET buffer 
and 0.4 ml amounts were stored in glass vials at 
0 
-70 c . 
In examining the thermal transition properties of 
the RNA, the contents of each vial were thawed at o° C, 
and the vial was attached to the bulb of a thermometer and 
placed for 10 minutes in a thermostatically controlled 
glycerol bath, maintained at a particular temperature. 
The vial was then removed and its contents were immediately 
frozen by plunging into an ethanol/dry i ce bath. A range 
of emperatures was used and, after thawing 9 0.2 ml from 
each vial were placed on to paper strips, such as were 
used for gradient fractionation (see Materials and Methods), 
while the remainder were treated with 1 µg of 
ribonucleas e for JO minutes at 25° C before placing on 
another series of strips. All papers were acid washed in 
the usual manner and the radioactivity present was 
de ermined using a liquid scintillation counter. The 
hermal transition properties of a preparation of in vivo 
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+ Figure 11 : Thermal transition properties of the RNA product of ts 
polymerase preparations . [3H] GTP labelled RNA from three reaction 
mixtures was obtained by phenol/SDS extraction at oo C and diluted in 
NET buffer. Fractions were heated at different temperatures for 10 
minutes and then rapidly frozen in an ethanol/dry ice bath. Half of 
each fraction was treated with lµg of ribonuclease for 30 minutes at 
25° C and the profile of radioactivity at different temperatures for 
treated (closed symbols) and untreated (open symbols) RNA is shown in 
A. In B the profile for [14c] labelled Replicative Form RNA af ter 
heating and treatment with ribonuclease is shown from a separate 
experiment. 
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Materials and Methods) were also studied and the results 
of both experiments are shown in Figure 11. 
In the curves for the polymerase reaction product (A) 
there is no evidence of RNA dissociation below 97.5° C, 
the mid=temperature of dissociation (Tm) fo r the 
Repli cative Form RNA. This result is in contrast to one 
ob ained by Plagemann and Swim (1968) for the reaction 
product of mengovirus RNA polymeraseo They noted the 
existenc e of•another species of RNA with a l ower melting 
empera ure (40~65° c) than that of double stranded RNA 1 
and his material had many properties of the Replicative 
Intermedia e of poliovirus (Baltimore and Girard 9 1966) e 
RNA degradative activity may have been responsible for the 
loss of such an RNA species under the present conditions, 
and his possibility is examined in the foll owing section . 
The melting temperature (Tm) of ribonuclease 
resis an RA for in vitro and in vivo labelled 
prepara ions was 98 a 5° and 97. 5° C, re spe c ively. Such 
values are calcula ed from the mid=temperature between 
the beginning and end of strand separation of the 
rib nuclease=resistan fraction, and their near 
equi val en e indic a es a close similarity in the dupJ.ex 
s rue ures presen in each preparatione 
(h) The extent of RNA degradative activity in 
polymerase reaction mixtures 
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Rela ively low sedimentation values for the RNA 
complex produc ed by ts+ polymerase preparations have been 
noted in comparison with reported values for the poliovirus 
Replic ative Intermediate and the RNA complex produced by 
other picornavirus polymerases (Section 2.1 (f)). This 
may be due to s o me enzymic breakdown of newly 
syn hesised single stranded RNA in the complex , and
9 
in 
order to est for such activity, the effects upon viral 
RNA of incuba ion in a ts+ reaction mixture were studiedo 
Two normal reaction mixtures, containing a 6 hour 
p o lymerase preparation and 1 mg of bentonite 9 were 
incuba ed with 0.2 ml of 14c labelled RNA from poliovirions o 
Unla elled nuc leoside triphosphates were used in the 
mixture and he RNA had been extracted from purified ts+ 
virions with phenol/SDS at 60° Co One mixture was 
incuba ed for 5 and the other for 30 minutes at 35° C, and
9 
as a c n rol a third mixture, containing 0.2 ml of RNA 
diluent ( ET) in place of RNA, was also incubated for JO 
minu es. Af er incubation , all mixtures were extracted 
wi h pheno l/SDS at 60° C in the usual manner, and 0,,2 ml 
0 he same RA preparation was added t o the control .. The 
hree ex rac s were then centrifuged through pre=formed 
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Figure 12: RNA degradative activity in ts+ polymerase reaction mixtures. Two 
standard react ion mixtures Band C0 containi ng bentonite and unlabelled nucleoside 
triphosphates were incubated at 35 C for 5 and 30 minutes, respectively, in the 
presence of 0.2 ml of [14c] labelled RNA, prepared from purified poliovirons. RNA 
from the mixtures was then extracted with phenol/SDS at 60° C and the extracts 
centrifuged through 15-30 per cent sucrose gradients for 4.5 hours at 36,500 r.p. m. 
A control mixture (A) contained NET buffer in place of poliovirus RNA but, after 
incubation for 30 minutes, 0.2 ml of 14c poliovirus RNA was added immediately 
before centrifugation . The profiles f or poliovirus RNA remaining in each mixture 
are s h own. 
11,J 
36?500 r.p.m •. The gradients were frac tionated and acid 
insoluble radioactivity was determined in the usual ma11.ner .. 
The results of the experiment are presented in 
Figure 12 and suggest that some breakdown in 35S v i ral 
RNA occurs under the conditions of incubation used f or 
polymerase reaction mixtures. This degradative ac tiv i ty 
may be sufficient to account for differences in 
sedimentation coefficient referred to previously, b etween 
the RNA of a polymerase reaction mixture and poliovirus 
Replicative Intermediate. However, the extent o f such a 
difference is difficult to predict from Figures 10 and 12 , 
as the theoretical capacity of the polymerase r eaction 
mixture to synthesise single stranded RNA is Wlknown .. 
RNA degradative activity may be related t o 
different levels of ribonuclease in the cells us e d t 
prepare viral RNA polymerases (E.M. Martin, personal 
communication) . Because of this, the RNA profiles 
obtained from polymerases prepared from ts+ infected HeLa 
and U cells were compared in a single experiment? but no 
differences were noted (data not presented). 
2.2 Studies with~ mutants of poliovirus 
(a) The induction of viral polymerase by .1.§ mutants 
under permissive and restrictive condition s 
In experiments described in this section, level s of 
Table 8 
The induction of viral polymerase by .i§ 
o a 
mutants at 37~2 and 39.5 C 
Experiment Mutant Mutant Polymerase Level at 
Type b 37.2° C 39.5° C 
ts+ 21.6 C 5.9 A .... 
-
ts-20 RNA mutant 4 .. 7 1.0 
-
ts-J protein coat 










RNA mutant 24.o 5.0 
ts-2 protein coat 
-







- 18.6 9.1 
--
ts-20 RNA mutant \7. 5 1.4 
-
ts-104 protein coat 
-








a. Procedures for the experiment are given in the text 
and in Materials and Methods. 
b. Obtained from data in Table 2 o 
c. Activities are expressed as µµM GTP per mg of protein 
in the polymerase preparation. 
polymerase in U cells were compared after the growth of 
several mutants at permissive (37.2° c) and restrictive 
(39.5° c) temperatures. 1• 8 Suspensions of 2.0 x 10 cells 
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were infected in parallel with ts+ or a particular mutant, 
at a multiplicity of 3-5 p.f.u. per cell and in a final 
volume of 10 ml. Adsorption was then allowed to take place 
0 by rocking the suspension at 4 C for 2 hours, and one 
half of each infected suspension was then transferred to 
spinner flasks containing 100 ml of Spinner Medium, which 
had been pre-warmed in waterbaths maintained at either 
temperature. Incubation at these temperatures was 
continued for 6 hours when the suspensions were then 
chilled, and polymerase preparations were made from the 
cells of each, as described in Materials and Methods. 
The polymerase activity in each preparation and in a 
6 hour uninfected control extract were determined and the 
results of three separate experiments are shown in Table 8. 
All mutants and ts+ appeared to induce lower levels of 
polymerase at 39.5° compared with 37.2° C, which is the 
optimum temperature of virus growth of all mutants and 
ts+ (P.D. Cooper, personal communication). Mutant ts-20, 
which at restrictive temperatures is defective in its 
capacity to allow the in vivo synthesis of both double 
and single-stranded RNA (Cooper, et al., 1969) , produced 
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considerably less polymerase at 37.2° C than did ts+ and 
the other mutants tested. This finding prompted a study 
of the optimum temperature for the induction of 
polymerase by ts-20, which is described in Experimental 
Section 2.2(c). At 39.5° C the activity of polymerase 
induced by ts-20 approximated that of the uninfected 
control preparationso 
The remaining mutants, with the exception of ts-2 
in a single experiment, induced levels of polymerase 
+ that were at least comparable with those of ts at 
permissive and restrictive temperatures. These mutants 
included ts-28, and some protein coat mutants with single 
defects occuring in the genetic map to the right of that 
in ts-20, and these are defective in their capacity to allow 
synthesis of single-, but not double-stranded RNA , under 
restrictive conditions (cooper, et al., 1969). 
From these experiments it is clear that the inability 
of ts mutants to multiply at 39.5° C, in comparison with 
ts+, is not accompanied by the same relative incapacity 
to induce polymerase at this temperature i.e. all 
mutants and ts+ are defective in thei-r capacity to induce 
0 polymerase at 39.5 C. 
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( ) 
Cooper e al. (1966) in as udy of the effec s of 
empe a e sh "f upon he grow h of s mu ants found ha 
all with he e ception of 2=-23, possessed i 1a e' def e c ts 
in vi al gr w he These da a are derived from 
Ws ep= pw e pe men in which infected cells were 
ra o m 37 o 3905° Cat differen i mes during 
he g w h cycle .. 
The effec t o is ep~upf pro c edures upon he 
·nd c ion of p lymerase by ~=20 1 =23 and =28 were s udied~ 
al o he ea e RA nega ive mu ants (Wen worth et ale, 
1968) 9 Suspensi ns of abou 8 . 5.,0 x 10 U c ells were 
infe c ed wi h each mu an a 4° C for 2 hours and a a 
m 1 iplici y of 3=5 p .. feu. per c elle Abou 108 1 .. 0 X 
ro m each infe c ed suspension were then transferred to 
e ll s 
pinner la ks con aining 100 ml of Spinner MediUlh 1 whi ch 
had een p e- a med in 37 .. 2° C waterbaths., Inc uba i on 
as con inued and at varying in ervals up 
6 ho s individual spinner cultures were transfe r ed 
a 39.,5° C wa e ba ho A 6 hours all suspensions we e 
d and p y me ase p epa a ons were made f r m he 
ea a cc o d "ng 0 s andard p c edureso The 
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Figure 13 : The effects o f temp erature shift upon the production of 
polymerase by ts mutants. Susp ension of U cells, infected wi t h a 
particular ts mutant or ts+, were grown at 37.2° C in spinner culture 
a nd, at several intervals u p to 6 hours, individual cultures were 
transferred to 3 9.5° C. At 6 hours all cultures were chilled and 
polymerase ex tracts from the cells prepared and assayed in the usual 
manner. The results f or two experiments (A and B) are shown. In B 
an uninf ected control suspension, incubated for 6 hours at 37.2° C, 
is also included. 
results of wo experimen s are presented in Figure 138 
+ From the figure all mutants and ts appear to be 
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defec ive in heir c apacity to induce polymerase even 
when he infec ed suspensions are transferr ed to 39 .. 5° C 
f or rela ively short intervals before harvestingo In 
o her words, all mutants and ts+ require some Vlatev 
unction that is r esponsible for the induction of 
p olymeraseo The r esult also extends to ts=23, although 
here he resul is in some doubt, because of the very low 
levels of p olymeras e inducible at 3782° C 1 both in this 
and in o her experiments (unpublished). From 
experiment B the base level of polymerase induced by + s 
a 3905° C be ween 3 and 6 hours appeared higher than that 
indu ed by s=28 although this was not apparent in the 
6 ho r da a for he production of polymerase in Table 8. 
one o the resul s for either experiment is consistent 
i h he exis ence of an Yearly' temperature sensitive 
ep in he produc ion o polymerase 9 which presumably 
curs in cer ain RA negative mutants of Semliki fores 
vi u wi h Vea lyv ~ defect s in virus growth (Tan, et alo~ 
969) .. 
( c induced by s=20 and 
~ 
of incubation 
Fol owing the observation that relatively low levels 
o p lymerase wee induced at 37 .. 2° C in 6 hour spinner 
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TEMPERATURE OF GROWTH (t) TIME OF GROWTH (HOURS) 
Fi gure 14 : Op t i mum temper a t ure f or po l ymerase induction in cells 
infected with t s+ or ts-20. Sus pens ion s of U cells infected with 
either virus wer e grown in s uspension f or 6 hours over a range of 
temp eratures. The cult ures were t hen ch i lled and polymerase 
ex t r acts prepared and a s s ayed i n t he usual manner . The results for 
two exper iments a r e shown in (A) - denoted by op en and clos ed 
symbols - and also included a r e resul ts f or un infected control 
extracts incubated at 37° C fo r 6 hour s . In (B ) the t i me course of 
polymerase indu c t ion by ts-20 a t 35° and 37° C is shown, t oge ther 
with the activ i t y of 6 hour uninfected control pr eparations f or 
either t empera t ure. 
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cultures by ts-20 (Table 8), attempts were made to 
determine he optimum temperature of polymerase induction 
for s-20 in comparison with ts+. Suspensions of 4.0 x 108 
U cells were infected with ts-20 and ts+ at multiplicities 
4 0 of 3-5 pafaUa per cell and, after adsorption at C, 
laO x 108 cells from each suspension were added to 100 ml 
of Spinner Medium in spinner flasks, which were pre-warmed 
in waterbaths at different temperatures. Incubation at 
each temperature was continued to 6 hours, when the 
suspensions were chilled and polymerase preparations of 
each were made in the usual manner. An uninfected control 
preparation was made from a 6 hour suspension which was 
incubated at 37° C 1 and the activity for all preparations 
was de ermined according to standard procedures. 
The resul s of two experiments are shown in Figure 
l4Aa Clearly, much higher levels of polymerase were 
induced by ts+ than by ts-20 at all temperatures, and, 
from the figure, he optimum temperature for induction by 
ts-20 wa 34a5~35° C in comparison with 37° C for ts+. At 
the res rictive temperature used in mutant virus assays 
(39.5° c), the activity of ts-20 polymerase was 
indi inguishabl from that of the uninfected preparation, 
whereas the ac ivity for ts+ polymerase was about half of 
its 37° C value. These findings are consistent with the 
data in Table 8. 
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n a similar experiment (data not presented), he 
optimum emperature for induction of polymerase by ~~3, a 
pro ein coa mu an (Table 2) 9 was seen to be the ame as 
for ts, al hough he actual level of polymerase induced 
by this mu ant was lowers A lower optimum temperature 
f polymerase induc ion compared with ts+ may be a feature 
of RA nega ive mutan s of poliovirus. 
The ime co urse for the synthesis of ts=20 
p olymeras e a 35° and 37° C was studied in the manner 
des cribed for s at 37s2° C (Experimental Section 2ol(e))s 
Polymerase ex ract s were prepared from samples aken at 
various times after infect ion and their a ctivity is shown 
in F"gure 14Bo 
In his figure the results from the p revious 
experimen are largely confirmede Considerably higher 
levels of p olymerase are induced at 35° C than at 37° c~ 
al hough a 35° C maximum levels appeared slightly latera 
The experimen was co n c luded at 605 hours, and it is 
possi le hat levels at 35° C may have cont inued to increase 
pas his imee On the basis of both experiments it 
seems hat a hermo ensi ive event o ccurs during the 
induc in of p olymeras e by ~=20, which resul sin 
lower ed ields o polymera e c ompared with hose induc ed 
by + under iden i c al onditions. 
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Fu her evidence of differences between the 0ptimum 
empera ure of polymerase induction for ts and ts=20 li\.as 
ob ained from an e periment in which 5 hour levels of 
polymerase induc ed by + s , + s=20 and R-20, a revertant 
of 2=20:1 were co mparedo Mean activities for replicate 
samples of 2, 
and 82a8 µµmoles GTP per mg protein were obtained o The 
onsiderable difference in levels of polymerase induced 
by s 
-
and B=20, compared with ts=20, suggests that a 
gene ic defect in s=20 is responsible for differences in 
he op imum emperature of polymerase induc tion noted in 
Figu e 14Aa 
( d) The s ability of polymerases induced b~ 
ants of poliovirus RNA 
The hermosensi i v e event in polymerase induction by 
~~20 (see above) may arise from a mutation in the 
polymerase gene, or in another gene ne c essary f or enzyme 
yn he sis e Such a mutation could change the secondary 
s uctu e of the gene produc ts and make them less stable· 
a high tempera ures than he corresponding product of ts+ o 
Inane amina ion of these possibilit ies] he in v1. t.r o 
+ hermal s abili y of polymerases induc ed by ~, - 20 and 
~28 were s udied in wo experiments, whi ch are de5cri ed 
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Fi~ur~ 15: The in vitro ther mal stabil i ty of polymerases induced by 
ts , ts-20 and ts-28 . a 6 hour pr eparation of ts+ polymer ase, i nduced 
at 37----:fo C, was"rleat ed a t various temperatur es fo r 30 minutes and the 
remaining activity deter mined (A) . Also include d i n (A) is t he level 
of activity for ts+ polymer a s e a f ter induction at 39 . 5° C (open s ymbol) 
and for a 6 hour uninfected control extr ac t pr epared at 37 . 20 C. In 
(B) 6 hour pr epar a t ions of polymerases i nduc ed by t s+, t s-20 and t s - 28 
0 ~-- ~-
at 37.2 C and an uninfected contro l extra ct wer e heated to 43° C fo r 
varying times and the remaining act ivi t y det er mined in t he usual 
manner. 
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(i) The effec s of EEeheating polymeras~ 
preEara ions before using in reacti on mixtures 
As a preliminary to this experiment, the stability 
of a 6 hour prepara ion of ts+ polymerase was examinede 
Replicate samples of the polymerase were treated at 
various temperatures f or 30 minutes and were then chilled .. 
The residual polymerase activity of Oo2 ml samples was 
then de ermined by standard procedures and the results 
of the experiment are presented in Figure 15A .. 
The results suggest that ts+ polymerase is relatively 
sable with about a 40 per cent drop in activity occurring 
only at 43=47° C .. The residual activity at these 
tempera ures was considerably higher than the activity of 
a 6 hour preparation prepared from the same batch of cells 
0 
at J9c5 C, and from an uninfected control extracts On 
the basis of the experiment a temperature of 43° C was 
used in comparative studie s of thermostabili ty for ·other 
polymerases .. 
In he sec ond part of this experiment, 6 hour polymerase 
prepara i ons of~ 0 
=20 and =28, prepared at J7e2 C9 were 
hea ed at 43° Cf r varying periods of up to 1 hour .. After 
hea ing he samples were chilled and 0 .. 2 ml am ounts were 
es ed for surviving a ct ivi y according to standard 
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Figure 16 : The effects of incubation temperature upon the in 
vitro activity of polymerases induced by ts+, ts-20 and ts-28. 
Replicate reaction mixtures containing 6 hour prep aratio-;;-of 
ts+, ts-20 and ts-28 polymerase (induced at 37.2°C) were 
incubated at several different temperatures for 30 minutes. 
The resultant activity determined according to standard 
procedures. 
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heated over this period and the results of the exper imen 
are presented in Figure 15B. 
From the figure there appear to be no differenc es 
between the rates of inactivation for any of the p olymerase 
preparations. This suggests that the thermosensi tive 
step in the synthesis of ts-20 polymerase, noted in the 
previous section, occurs at a step prior to the 
synthesis of enzyme , and is not due to lability of the 
c ompleted molecule. 
(ii) The activity of polymerases induced by RNA 
nega ive mutants after incubation at different 
temperatures 
A further attempt was made to demonstrate differences 
+ in in vitro lability between polymerases induced by ts 9 
=20 and -28a In this experiment a replicate series of 
standard reaction mixtures (see Materials and Metho d s) 
+ containing 6 hour polymerase preparations of ts 9 =20 or 
-28 were incuba ed for 30 minutes over a range of 
empera ures. The activity of each mixture was then 
determined and the results of the experiment are p r esen ed 
in Figure 160 
o loss in a c ivity for the polymerase of ts+ or 
ei her mu ant could be detect ed at any temperature of 
inc uba ion be ween 35 and 41° C . In a separate experiment 
(da a not presen ed) the kinetics of incorporation during 
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the first 15 minutes of incubation at temperatures 
between 29° and 41 ° C, was studied for the polymera.ses of 
+ ts and ts-20, but here again no differences were noted. 
These findings confirm those obtained from Figure 15, 
+ namely that,once synthesised, the polymerases of ts, -20 
and -28 are uniformly stable. 
Summary 
A polymerase assay for poliovirus is described and, 
in the first part of the section, the characteristics of 
the enzyme (or enzymes) induced by strain ts+ are outlined. 
Maximum levels of polymerase were obtained after 6 hours 
of incubation at 37.2° C and the RNA produced consisted 
of a complex of single- and double- stranded material. The 
double stranded RNA of the complex had similar thermal 
transition properties and a sedimentation coefficient to 
in vivo labelled Replicative Form RNA. 
+ Ail ts mutant polymerases and that of ts produced 
lower levels of RNA when prepared from cells after growth 
at 39.5° C for relatively short periods. The optimum 
temperature for the induction of ts-20 polymerase was 
shown to be 35° C, in comparison with 37° C for that of 
+ ts . In vitro studies indicated that the thermosensitivity 
occurred at a precursory stage in the synthesis of the 
enzyme molecule. 
EXPERIMENTAL SECTION J 
The Estimation of the Molecular Weight of 
Poliovirus RNA 
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In this section further estimates of the molecular 
weight of poliovirus RNA were obtained by comparing 
poliovirus RNA with a number of well characterised RNA 
markers. The following methods of comparison were used: 
1 - centrifugation through sucrose gradients under 
conditions in which RNA secondary structure was minimised, 
and 2 - electrophoresis in polyacrylamide gels. The 
preparation of the various radioactive markers has been 
described in Materials and Methods. 
J.l Centrifugation Studies 
(a) Comparisons between the RNA of poliovirus and 
tobacco mosaic virus (TMV) 
It is commonly assumed that the RNA of poliovirus has 
a molecular weight of 2.0 x 106 daltons (Cooper 1 1969). 
Therefore, poliovirus RNA was compared with TMV RNA, which 
is probably the best characterised of all RNA molecules 
and consists of a single length of RNA of molecular 
weight 2.0 x 106 daltons,when determined by the accurate 
light scattering technique (Boedtker 1 1960). 
(i) The effects of formaldehyde upon the 
sedimentation properties of poliovirus and 
™VRM 
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[ J J [14c] Preparations ofpurified H adenosine TMV and 
urid ine poliovirus were mixed and the RNA extracted by the 
single-phase phenol method referred to in Materials and 
Methods. Sixty micrograms of yeast carrier RNA and one 
tenth volume of 2M sodium chloride were then added and 
the total RNA was precipitated with ethanol and allowed 
to aggregate for 2 hours in an ice bath. The RNA 
precipitate was collected by centrifugation and dissolved 
at 4° C in 1 ml of buffer consisting of 0.01 M EDTA and 
0.01 M Tris, pH 7.4. Neutral formaldehyde was added to 
give a final concentration of 6 per cent (w/v) to two 
0 . 2 ml amounts of the RNA preparation, and the mixture 
heated in a thermostatically controlled waterbath at 60° C 
for 1 hour. Under these conditions most RNA secondary 
structures are eliminated (Haselkorn and Doty, 1961; 
Fenwick, 1968). The two formaldehyde-treated preparations 
were then centrifuged through 15-JO per cent (w/v)sucrose 
gradients in the presence and absence of 6 per cent 
formaldehyde and 0.1 M sodium chloride (c and D) as 
indicated in the legend for Figure 17. The influence of 
0 . 1 M sodium chloride as a determinant of RNA secondary 
structure was also studied (A and B). 
were centrifuged at the one time. 
Gradients C and D 
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Figure 17: Sucrose-gradient analysis of [ CJ poliovirus and [ HJ TMV 
RNA in the presence and absence of 6 per cent f ormaldehyde and 0.1 M 
sodium c h loride. Fou r f ractions (A , B, C and D) of a mixture of 
poliovirus a nd TMV RNA, prepared f rom pur ified vir i ons, were treated 
as f ollows: 
Sodium chlor ide to 0.1 M was added to (A), which was then 
centrifuged through 15-30 p er cent sucrose gradients containing 0.1 M 
sodium chloride for 4 h ours at 39,500 r. p .m .. Fraction (B) was 
centrifuged fo r 7 hours in the same manner in the absence of sodium 
cLloride. Fraction (C) was heated for 1 hour at 60° C with 6 per cent 
forraaldehy de . Sodium chloride to 0.1 M was then added and the mixture 
centrifuged for 7 hours through sucrose gradients containing 6 p er 
cent fo rmaldehyde and 0.1 M sodium chloride . Fraction CD} was treated 
as for (C), except t h a t sodium c h loride was omitted from the mix1~re · and the grad i ent. The gradient d i stribution of acid-insoluble [ C] 
poliovirus RNA (b roken lines) and [3HJ TMV RNA (solid lines) is shown .. 
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After centrifugation, 0.2 ml fractions of the 
gradient were collected onto paper strips, which were acid 
washed as described in Materials and Methods and the 
radioactivity present on each determined. 
The results of this experiment (Figure 17) indicate 
that, in the absence of formaldehyde, poliovirus RNA 
sediments more rapidly in sucrose gradients than TMV RNA. 
A similar relationship was obtained when the two RNA 
species were centrifuged in the absence of sodium chloride, 
suggesting that RNA secondary structures were still 
present. The relative position of both types of RNA in 
gradients A and B accords with observed values of 35 and 
JO.BS for the sedimentation coefficients of type I 
poliovirus and TMV RNA, respectively, in the presence of 
0.1 M sodium chloride (Baltimore and Girard, 1966; 
Fenwick, 1968) . 
In the presence of formaldehyde (gradients C and D), 
identical peaks for both RNA species were obtained 
irrespective of whether sodium chloride was present or 
not. However in both instances, the leading edge of the 
curve for poliovirus RNA appeared slightly ahead of that 
for TMV, suggesting that slight differences in sedimentation 
coefficient still exist. The sedimentation coefficients 
of both poliovirus and TMV RA, after formaldehyde 
treatment, were smaller in the absence than in the 
presence of 0.1 M sodium chloride. Fenwick (1968) 
suggests that sodium ions permit folding of the 
formylated chain by shielding the negative charges of 
phosphate groups and, under these conditions, has 
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observed a linear relationship between sedimentation 
coefficient and molecular weight for a number of RNA species 
examined, except mammalian '28S' ribosomal RNA. 
(1968 a) has observed a similar relationship for 
Boedtker 
several RNA species but these did not include 1 28S 1 
ribosomal RNA. 
Because of the coincidence of the peaks in Figure 17 
C and D, it is not possible to measure accurately any 
small difference that may be present between the 
sedimentation coefficients of poliovirus and TMV RNA after 
formaldehyde treatment. Slight differences, however, do 
appear to be present, and relating sedimentation 
coefficient in the presence of formaldehyde directly with 
molecular weight (Fenwick, 1968; Boedtker, 1968 a), 
poliovirus RNA would appear to have a molecular weight 
slightly in excess of 2.0 x 106 daltons (i.e. about 
6 2.1 - 2.2 x 10 daltons). However, in Experimental Section 
J.1 b, relatively poor resolution was obtained in sucrose-
formaldehyde gradients containing no sodium chloride 
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between the RNA of poliovirus and bacteriophage Rl7, 
despite an anticipated twofold difference in their molecular 
weights. As a consequence, the difference in the molecular 
weights of poliovirus and TMV RNA may be greater than is 
apparent from Figure 17 C and D. 
(ii) The~se of dimethyl sulphoxide (DMSO) in 
comparative sedimentation analyses of poliovirus 
and TMV RNA 
Attempts were made to confirm the previous findings 
for the RNA of poliovirus and TMV by centrifugation 
through sucrose-DMSO gradients. DMSO is a powerful 
denaturant of RNA which may be used either to disrupt 
internal secondary structure, or to bring about the 
separation of the strands of RNA duplexes (Katz and 
Penman, 1966; Strauss et al., 1968). The RNA can be 
treated with DMSO at room temperature, thereby greatly 
decreasing the possibility of thermal scissions within 
RNA molecules that could occur during heating at 60° C in 
the presence of formaldehyde. 
Mixtures of [ 3H] adenosine TMV and [ 14c] uridine 
poliovirus RA were prepared and were precipitated with 
ethanol as described in the previous section, and the RNA 
precipitate dissolved in 0.2 ml of buffer consisting of 
0.01 M EDTA, 0.01 M Tris, pH 7.4. Fifty microlitres of 































































































14 Figur e 18: Sucrose-DMSO gradient analysis of mixtures of [ C] 
poliovirus and [3H] TMV RNA. Two RNA mixtures (A and B) were 
obtained from purified virions, as described in the text. Mixture 
A was treated with a fivefold excess o f DMSO for 30 minutes at 
room temperature and centrif uged through 5-20 per cent sucrose 
gradients prepared in 99 per cent DMSO and containing 10 mM lithium 
chloride for 5 hours at 65,000 r . p .m .. Mixture B was treated wi t h 
6 per cent fo r maldehyde at 60° C for 1 hour, treated with DMSO and 
centrifuged for 7 hours a t 65,000 r.p.m. through similar gradients . 
The gradient distribution of [14c] po liovirus (broken line s ) and 
[3H] TMV RNA (solid lines) is shown. 
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99 per cent DMSO to produce mixture A, which was then 
allowed to stand at room temperature for JO minutes. A 
second sample of 50 µl was treated, in addition,with 
0 6 per cent formaldehyde and heated at 60 C for 1 hour. 
A fivefold excess of DMSO was then added to produce 
mixture B, which was also allowed to stand for JO minutes. 
0 
Both RNA preparations were then centrifuged at 23 C 
through pre-formed 4 ml sucrose gradients (5-20 per cent 
w/v), prepared in 99 per cent DMSO containing 10 mM 
lithium chloride, using a Spinco SW-65 rotor. Mixture A 
was centrifuged for 5 hours and mixture B for 7 hours at 
65,000 r.p.m .. Fractions of 0.2 ml were collected into 
scintillation vials and 10 ml of the scintillation fluid 
used in gel electrophoresis studies (see Materials and 
Methods) was added to each, and the radioactivity present 
determined. 
The sedimentation profiles for RNA mixtures A and B 
in DMSO are presented in Figure 18. Coincident peaks of 
poliovirus and TMV RNA were obtained from both gradients, 
but, where the RNA preparations were treated in addition 
with formaldehyde, the distribution of radioactivity for 
poliovirus RNA appeared slightly ahead of that for TMV 
RA. A more coincident distribution of radioactivity for 
both RNA species appeared after treatment with DMSO alone. 
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Strauss et al . (1968) have demonstrated a linear 
logarithmic relationship between sedimentation coefficient 
and molecular weight in the presence of 99 per cent DMSO. 
The results in gradient A suggest that both poliovirus and 
TMV RNA have identical molecular weights, but gradient B 
tends to confirm the previous estimate for poliovirus 
RNA as being slightly in excess of that for TMV RNA. 
twas necessary to centrifuge the RNA mixture after 
treatment with both DMSO and formaldehyde for 7 hours 
compared with 5 hours after DMSO alone, in order for 
adequate movement of RNA into the gradient to occur. This 
may reflect a slight superiority of formaldehyde over DMSO 
as an RNA denaturant, under the conditions of use in the 
present and previous experiments. 
(b) Comparisons between the RNA of poliovirus and 
bacteriophage Rl7 
The sedimentation properties of the RNA of poliovirus 
and bacteriophage Rl7 were compared after treatment with 
formaldehyde. Rl7 RA has a widely accepted value of 
6 1.1 x 10 daltons when determined by light scattering 
(Gesteland and Boedtker, 1964). RNA extracts were 
prepared from mixtures of [ 14c] uridine poliovirus and 
[ 3n] adenosine Rl7, as described in section J.l a(i), and 
the mixture was heated in the presence of 6 per cent 
3H 
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Figure 19: s u14ose-formaldehyde gradient analysis of a mixture of [ c] poliovirus and [3H] Rl7 RNA. 
h1ixt ure of both types of RNA was obtained as described 
in the text and was heated to 60° C for 1 hour with 6 
per cent formaldehyde. The mixture was then centrifuged 
through 15-JO per cent sucrose gradients containing 6 
per cent f o rmaldehy de but no sodium chlori~e. The 
gradient distribution of acid-insoluble [ l c ] poliovirus 
(broken line) and [3H] Rl7 RNA (solid line) is presented. 
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0 formaldehyde for 1 hour at 60 C . The preparation was 
then centrifuged for 7 hours at 39,500 r.p.m. through 
15-30 per cent sucrose-formaldehyde gradients containing 
no sodium chloride, using an SW-39 rotor at 7° C. 
Fractions were collected in the usual manner onto paper 
strips which were acid washed and th e radioactivity present 
on each determined. 
The results in Figure 19 show clearly that poliovirus 
RNA has a higher sedimentation coefficient than that of 
Rl7 after treatment with formaldehyde. However, the 
separation of the two RNA types in the gradient was less 
than expected, in view of an anticipated twofold 
difference in their molecular weights. Thus the resolving 
power of 15-30 per cent sucrose-formaldehyde gradients, 
containing no sodium chloride, may not be sufficiently 
great to detect small differences in molecular weight, 
such as probably exist between the RNA of TMV and 
poliovirus (see previous sections). Greater resolution 
could possibly be achieved by the use of steeper gradients. 
(c) Comparative Studies with the RNA of poliovirus and 
Semliki Forest virus (SFV) 
In the following experiments, attempts were made to 
compare the molecular weights of poliovirus and SFV RNA 
under conditions where RNA secondary structure was 
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minimised. SFV is a group A arbovirus who se RA has a 
reported sedimentation coefficient of 40=45S (Friedman, 
Levy and Carter, 1966; Sonnabend, Martin and Mees, 1967). 
By applying the empirical relationship of Spirin (1961), 
SFV RNA would have a molecular weight in excess of 
6 J x 10 daltons. However, suggestions have been made 
(S0nnabend 1 Mees and Martin, 1966) that 40-45S RNA is a 
more compact form of interjacent 26S RNA, which is present 
in variable amounts in SFV infected cells. 
Good evidence that such is the case for the RNA of 
Western equine encephalitis virus (WEE), another group A 
arbovirus, was presented by Sreevalsan, Lockart, Dodson 
and Hartman (1968). They were able to convert the 4os 
form of WEE RNA into 26S interjacent RNA by (a) heating 
to 90° C and cooling rapidly (b) dialysing against 
distilled water or (c) treatment with SM urea or DMSO. 
They showed that both 26S and 4os RNA had identical base 
compositions and densities, and were able to convert about 
50 per cent of 26S RNA into 4os RNA by dialysis against 
0.5 M sodium chloride or 0.05 M acetate buffer, pH 4.o. 
Preparations of [ 3rrJ adenosine SFV RNA were obtained 
by incubating suspensions of purified labelled virions and 
SDS (final concentration 1 per cent) for JO minutes at 
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Figure 20: Sucrose-gradient analysis of [14c] poliovirus and [3H] 
SFV RNA in the presence and absence of formaldehyde or DMSO. A 
mix ture of both RNA species was obtained as described in the text 
and was divided into 4 f ractions (A, B, C and D). The procedures 
used were those outlined for treatment with and centrifugation in 
the presence of fo r maldehyde or DMSO in the legends for Figures 
17-19 . Fract ion A was centrifuged through sucrose gradients 
containing 0 .1 M sodium chlor i de fo r 4 hours at 39,500 r . p .m. 
Fraction B was cent r ifuged t h rough similar gradients containing 6 
per cent fo r maldehyde fo r 7 hours after formaldehyde treatment. 
Frac t i on C was treated and centrifuged as fo r B except that sodium 
chloride was omitted , whi l e Fraction D was centrifuged through a 
5-20 per cent DMSO gr ad ient f or 5 hours at 65,000 r.p.m. The 
gradient dis tr ibu t i ons o f [14c] poliovirus (br oken lines) and [ 3H] 
















phenol method were relatively poor). The RNA was then 
mixed with a suspension of purified [ 14c] uridine 
poliovirions and the total mixture extracted by the 
135 
single-phase phenol method. Carrier yeast RNA was added 
and the total RNA precipitated with ethanol as 
described in 3.1 a(i), and finally dissolved in a small 
volume of buffer consisting of 0.01 M EDTA and 0.01 M 
Tris, pH 7.4. 
Two 100 µl amounts of this mixture were then treated 
0 
· with formaldehyde at 60 C, and centrifuged through 
sucrose-formaldehyde gradients in the presence or absence 
of 0.1 M sodium chloride (Band c). Another 100 µl 
amount was treated with DMSO, as described in 3.1 a(ii), 
and centrifuged through sucrose-DMSO gradients (D), while, 
as a control, a fourth untreated preparation was 
centrifuged through gradients containing 0.1 M sodium 
chloride (A). 
The results are presented in Figure 20. Gradient A 
suggests that SFV RNA, after extraction, was heterogeneous 
in its sedimentation behaviour, with a position relative 
to poliovirus RNA similar to that of interjacent RNA 
(Sonnabend et al., 1966). This heterogeneity was partly 
eliminated after centrifugation through sucrose-
formaldehyde gradients (Band c) but good resolution was 
achieved with the DMSO gradient (D). With DMSO, a 
sedimentation coefficient considerably lower than 
poliovirus RNA can be observed, and, relating this to 
6 
molecular weight, a value of between 1 and 2 x 10 
daltons would appear to be the molecular weight of SFV 
1J6 
RNA. This figure is about half the value anticipated by 
applying the 4o-45s sedimentation coefficient to Spirin Ys 
formula. 
In several experiments, only the 26S form of SFV RNA, 
shown in Figure 20, was obtained after extraction. The 
inability to obtain 4o-45s RNA may be due to unknown 
features of the particular extraction procedure, or to 
ethanol precipitation, inbringingabout the disruption cf 
secondary structures normally present in this form of RNA. 
(ct) Comparative Studies~ing Formaldehyde and DMSO 
Fenwick (1968) found that preparations of the 
larger ribosomal ('28S') RNA component of HeLa cells, 
after treatment with formaldehyde, had a sedimentation 
coefficient greater than TMV RNA. This finding was 
unexpected, in view of a reported molecular weight of 
l.65 x 106 daltons for,28S' RA, obtained by equilibrium 
-
centrifugation (Hamilton, 1967) compared with 2.0 x 106 
for TMV RNA, and may be due to non-linear structures 
present in '28S' RNA either before or after formaldehyde 
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treatment (Fenwick, 1968). However no such anomalies were 
noted by Strauss et al. (1969) after treatment of rabbit 
reticulocyte ribosomal RNA and TMV RNA with 99 per cent 
DMSO. Therefore the following experiment was done to 
compare the effects of both RNA denaturants in parallel, 
and to confirm Fenwick's findings. 
A preparation of [ 3H] adenosine TMV RNA, obtained by 
the single-phase phenol method, was mixed with 0.2 ml of 
[ 14c] uridine U- cell ribosomal RNA. Yeast carrier RNA 
was added and the total RNA precipitated with ethanol and 
redissolved in 0.4 ml of buffer consisting of 0.01 M EDTA, 
0.01 M Tris, pH 7.4. 
Sodium chloride to 0.1 M was added to 100 µl of the 
preparation (mixture A), while a similar sample was 
heated in the presence of 6 per cent formaldehyde at 60° C 
for 1 hour (mixture B). A fivefold excess of DMSO was 
added to a third sample (c) and the mixture allowed to stand 
at room temperature for JO minutes. Mixtures A, Band C 
were then centrifuged through sucrose gradients 
prepared in 0.1 M sodium chloride 1 6 per cent formaldehyde 
and 99 per cent DMSO, respectively, for 4, 7 and 5 hours, 
under conditions outlined in the previous sections. 
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Figure 21: Comparative sucrose-formaldehyde and sucrose-DMSO gradient analyses of a 
mixture of [14c] U cell ribosomal and [3H] TMV RNA. A mixture of both RNAs was 
prepared as described in the text and was divided into 3 fractions (A, Band C). 
Sodium chloride to 0 .1 M was added to fraction (A) which was then centrifuged for 4 
hours through 15-30 per cent sucrose gradients containing 0 . 1 M sodium chloride. 
Fraction (B) was heated with 6 per cent formaldehyde for 1 hour at 60° C and 
centrifuged for 7 hours through 15-30 per cent sucrose gradients containing 6 per cent 
formaldehyde. Fract ion (C) was treated with a fivefold excess of DMSO and centrifuged 
fo r 5 hours through a 5-20 per cent sucrose gradient, prefared in DMSO and containing 
10 m M lithium chloride. The gradient distribution of [l C] ribosomal RNA (broken 
























The results in Figure 21 sugges that in the presence 
of 0.1 M sodium chloride (A) or DMSO (c) the larger 
ribosomal RNA component has a sedimentation coefficient 
identical with TMV RNA, which was estimated by Fenwick 
(1968) 1 in the presence of 0.1 M sodium chloride, to be 
J0.8 S. After treatment with formaldehyde (c), the 
sedimentation coefficient for 1 28 S 1 ribosomal RNA is greater 
than that for TMV RNA, thus confirming Fenwick's findings. 
Both findings for the RNA denaturant s are unexpected 
in view of the reported molecular weights for the two 
RNA species. This could be due to non-linear secondary 
structures in the 1 28S 1 RNA, as Fenwick suggests, or it 
may be that the value of l.65 x 106 daltons assigned to 
its molecular weight is an underestimate of the true 
figure. The sharp resolution of the RNA peaks after 
treatment with formaldehyde in Figure 21 Bis not 
consistent with a high degree of internal secondary 
structure that might be expected if a branched molecule 
was present. The peak obtained after formaldehyde 
treatment is, in fact, better resolved than peaks 
obtained with SFV RNA (Figure 20), after similar treatment. 
Untreated SF RNA has considerable internal secondary 
structure (Sonnabend et al., 1966). 
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On the basis of this and a previous experiment 
where preparations of poliovirus and TMV were treated with 
both formaldehyde and DMSO (Figure 18 B), heating to 60° C 
in the presence of formaldehyde would appear to bring 
about more effective RNA denaturation than treatment with 
DMSO alone. 
J.2 Studies Using Polyacrylamide Gel Electrophoresis 
(a) Comparative studies with poliovirus RNA and 
other RNA species 
In this section, the electrophoretic mobility of 
poliovirus RNA was compared with that of TMV RNA and a 
number of other RNA markers. RNA was extracted from 
suspensions of [ 14c] uridine poliovirus particles and 
other radioactive virus preparations by the single-phase 
phenol technique. After extraction, 0.2 ml of a [ 14 c] 
uridine ribosomal RNA preparation (see Materials and 
Methods) was added as required. Yeast carrier RNA was 
then added and the total RNA precipitated with ethanol, 
redissolved in buffer E (see Materials and Methods) and 
submitted to electrophoresis for 4 hours, as described in 
Materials and Methods. 
The patterns obtained after electrophoresis of three 
RA mixtures are shown in Figure 22. Mixture A consisted 
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Figure 22~ Polyacrylamide gel electrophoresis of mixtures 
of [I4c] poliovirus RNA and other RNA marker preparations. 
Mix t ures of [14c] po liovirus, [3H] TMV, [14c] ribosomal and 
[3H] Rl7 RNA were prepared as described in the text and 
submit ted to electrophoresis for 4 hours in 2.4 per cent 
polyacrylamide gels , at 70 volts and 6 mA per tube. The 
gels were then sliced and the radioactivity present 
determined, a s descr i bed in Materials and Methods. 
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addition, ribosomal RNA, while mixture C consisted of 
poliovirus, TMV, ribosomal and R17 RNA. Mixture C was run 
in duplicate, but the results for only one gel are 
presented in Figure 22. 
The figure shows that poliovirus RNA has a lower 
electroporetic mobility than that of TMV or any other 
species examined, and, from the findings of Bishop et al. 
(1967), relating RNA molecular weight with mobility, this 
would imply that poliovirus RNA had a molecular weight 
considerably in excess of 2.0 x 10 6 daltons. 
A linear relationship can be seen in Figure 2J, when 
data obtained for RNA mixture C in replicate experiments 
was plotted semi-logarithmically against the known 
molecular weights of the various RNA markers used. The 
molecular weight for poliovirus RNA, obtained by 
extrapolation, is 2.65 x 10 6 daltons. When the data for 
mixture Bis plotted in similar fashion an extrapolated 
value of 2.4 x 106 was obtained for poliovirus RNA. 
There are, unfortunately, very few well characterised 
RNA markers of molecular weight 2.5 - J.O x 106 daltons 
that could be used in similar confirmatory studies. 
However, it is clear from Figure 23, that the various RNA 
markers used behave in the linear manner described by 
Bishop et al., 1967. Of particular interest is the 
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Figure 23: The relationship between RNA molecular weight and 
electrophoretic mobility in 2.4 per cent po lyacrylamide gels . The 
data from Figure 22C and from a replicate gel run simultaneously 
were obtained, and the distance moved by the various RNA species i s 
plot ted agai nst the logarithm of their known molecular weights . 
The molecular weight s accepted for the various RNA markers are: 
TMV RNA 2.0 x 106 daltons (Boedtker, 1960), '28'S and '18'S 
ribosomal marker RNA, 1.64 x 106 and 0.67 x 106 daltons, 
respectively (Petermann and Pavlovec, 1966) Rl7 RNA, 1.1 x 106 
daltons (Gesteland and Boedtker , 1964). The molecular weight fo r 
poliovirus RNA, obtained by extrapolation, was 2 .6 5 x 106 daltons. 
141 
position of Rl7 RNA relative to that of TMV RNA. 
and Boedtker~ (1964) observed that, despite large 
Gesteland 
differences in molecular weight, the sedimentation 
coefficients of Rl7 and TMV were very similar - due to 
extensive base pairing within the Rl7 RNA molecule. 
Figure 23, the electrophoretic mobility of Rl7 RNA, 
r lative to the other RNA species, appears to be 
proportional to its molecular weight. 
From 
( b ) The effects of removal of RNA secondary structure 
upon electrophoretic mobility 
The electrophoretic mobilities of poliovirus and TMV 
RA were compared after treatment with formaldehyde. 
Mixtures of [ 14c] uridine poliovirus and [ 3H] adenosine 
TMV RNA were prepared by the single-phase phenol method 
and were precipitated with ethanol after the addition of 
carrier RNA. The RNA was dissolved in a small volume of 
electrophoresis buffer, and neutral formaldehyde to 
6 per cent was then added to part of the sample. The 
mixture was heated at 60° C for 1 hour; under these 
conditions most viral RNA secondary structure have been 
r ported to be removed (Fenwick, 1968; Boedtker, 1968 a). 
Two 70 µl amounts of formaldehyde-treated RNA and a 
similar volume of untreated material were than placed on 








/ I 50 
I I 




~ B ~ 
a.. -u 0 
- . > ao n 
.....f 
~ \ < ~ !'1 -
j::: i !'o 1 -< > I ~ 
u 
<( I:, i~ I ~ 0 6 I n 
- ~ PS 2 ~ Q C lc§99@ 98@99f&919ftftfte:e&e:eee < 0 40 A> ~ 










FRACTION NUM BER 
b 10 20 30 40 50 60 70 
DISTANCE MOVED MILLIMETERS 
Figure 24: The ~nfluence of f~rmaldehyde upon the electrophor etic 
mobilities of [ H] TMV and [ C[ poliovirus RNA. A mixtur e o f both 
RNA species was obtained as described in t he t ex t a nd was d ivided 
into 3 fractions (A,B and C). Fractions Band C wer e h eated at 60°C 
in the presence of 6 per cent formaldehyde and a ll mix tur e s wer e then 
submitted to electrophoresis at 70 volts and 6 m A per tube. Fraction 
A was electrophoresed for 4 hours, Fraction B fo r 3 h our s and Fraction 
C for 6 hours and the distribution of radioact i vity d e termin e d i n the 
usual manner. 
142 
under the usual conditions (see Material s and Methods). 
The untreated preparation (A) was run for 4 hours at 7 mA 
per tube, while the formaldehyde-treated preparations 
(Band c) were run for J and 6 hours. 
The results of the experiment, shown in Figure 24, 
indicate that, after formaldehyde treatment, an irregular 
type of electrophoretic migration occurs, with much of 
the input RNA r~maining at the origin. Formaldehyde was 
not incorporated into ·the gels, as with the gradients 
because it prevented polymerisation, preswnably by 
reacting with the acrylamide monomer. In its absence 
some refolding of the formaldehyde-treated RNA to asswne 
or·ginal RNA structures may have occurred during migration. 
The reversibility of formaldehyde-RNA interaction has 
been noted by Fenwick (1968) after centrifuging 
formaldehyde-treated RNA through sucrose gradients 
containing no formaldehyde. 
From the gradients in Figure 17, there is no evidence 
to suggest that scission of the RNA molecules of either 
poliovirus or TMV occurs as a result of heating at 60° C 
in the presence of formaldehyde. Thus the conclusion 
from this experiment must be that secondary structures 
within these two RNA molecules are, partly at least, the 
determinants of relative electrophoretic mobility. 
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Swnrnary 
In comparative centrifugation studies with TMV RNA, 
the molecular weight of poliovirus RA was estimated to be 
6 
about 2.1 - 2.2. x 10 daltons. This figure was obtained 
after heating in the presence of, and centrifugation 
through sucrose gradients containing formaldehyde. It 
may, however, be an underestimate due to the relatively 
poor resolving power of such gradients. No difference 
between the sedimentation coefficients of poliovirus or 
TMV RNA could be detected in the presence of DMSO alone, 
but further studies revealed that formaldehyde, under the 
conditions of use, was probably a more effective RNA 
denaturant. 
Poliovirus RNA had a higher molecular weight than 
that of bacteriophage Rl7 or SFV from similar comparative 
studies. The finding for SFV RNA was in contrast to some 
earlier estimates, derived from the sedimentation 
coefficients of undenatured viral RNA. 
The molecular weight of poliovirus RNA when 
determined by its electrophoretic mobility in 
1 1 4 6 X 10 6 po yacry amide gels was estimated to be 2. - 2. 5 
dal tons. However, it was shown that RNA secondary 
structure could be a factor in this estimation. 
DISCUSSION 
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1. Genetic Studies 
As described in Experimental Section 1, additional 
ts mutants of poliovirus were obtained after treatm2nt 
of infectious RNA with the exonucleasesna ke venom 
phosphodiesterase or the mutagen nitrous acid. Snake 
venom phosphodiesterase removes individual nucleotides 
sequentially from the 3~ terminus of DNA or RNA 
polynucleotides (Razzell, 1963) and has been shown to 
cause a loss in poliovirus RNA infectivity (Holland 
et al., 1960). Infectious RNA was incubated with a low 
concentration of enzyme in attempts to produce terminal 
deletion mutants with ts defe cts specified by the gene 
adjacent to the 3~ terminus. In RNA bacteriophages a 
deletion of this kind would be expected to produce a ts 
defect in the gene specifying the viral RNA polymerase 
(August et. al., 1968; Spahr and Gesteland, 1968 ; Lodish, 
1968), but whether the analogy is true f or poliovirus 1.s 
unknown. 
Two mutants obtained after e xposure of infectious 
RNA to snake venom phosphodiesterase , when examined by 
recombination analysis, were shown to posse5s ts 
defects near known defects of the RNA negative mutant s 
ts-20 and -28. 
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However, the presence of revertants amo ng these 
mutants and the likelihood of a specifi c binding site 
for RNA polymerase at the J~ terminus from nucleotid e 
sequence studies of several bacteriophage RNA templates 
(August, 1969), suggests that their o c currenc e is 
spontaneous, or at least brought about by some mutagenic 
function of venom phosphodiesterase u nrelated t o 
exonuclease activity. Little can be sai d of t he 
specificity of the mutagen nitrous acid fo r di f fe rent 
regions of the genome, as only a single mutant was 
examined in recombination tests . 
The need to isolate mutants with specifi c ma rkers 
at the extremities of the genome is apparent f rom a 
consideration of the coding potenti a l of pol iovirus RNA 
in relation to the genetic map in F igure 1. With a 
molecular weight in excess of 2.0 x 106 daltons 
(Experimental Section J), poliovirus RNA h a s the 
c apacity to translate proteins of to tal molecular weight 
a t least 236,000 daltons. Virion proteins r e p rese n t ed 
by ts defects in the right hand half of t he map h ave a 
c ombined molecul a r weight of 92 ,500 dal to n s (Maizel and 
ummers, 1968). Other gene products , c oncerned with 
RNA s y nthesis but as yet uncharacterised, are represented 
b y ts mutations in the left hand half. 
This map may not carry representatives of 
considerable regionsof the genome, such as those 
concerned with the inhibition during infection of 
cellular RNA and protein synthesis. Evidence that 
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such inhibition is one of several coded functions of 
poliovirus RNA is suggested from observations that 
inhibition of macromolecular synthesis takes place in 
the presence of guanidine (which blocks viral RNA 
synthesis) (Bablanian et al. 1 1965) but is sens itive to 
puromycin (Penman and Summers, 1965). However, Martin 
and Kerr (1968) suggest that cellular proteins exer t 
the inhibitory effect upon RNA and protein s ynthesis in 
response to infection. They argue that if the p roteins 
responsible for inhibition were viral coded, then 
treatment of cells with interferon should prevent its 
expression. This has been shown not to be the case, 
suggesting that cellular proteins do have some role in 
inhibition. 
If a viral-coded protein is involved, two 
possible explanations for failure to obtain mutants of 
this kind can be advanced:-
1. The size of the gene concerned may be small 
re lative to other genes and this would affect the 
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isolation rate accordingly. It may , alternatively, be 
related to the base composition of the gene and the type 
of mutagen used, i.e., if the gene had a high purine 
content, then the probability of obtai ning mutant s with 
5-FU would be low. 
2. Another explanation (P.D. Cooper, personal 
communication) concerns the number of gene products 
required for the inhibition of macromolecular synthesis. 
Very few functional products of the inhibitor gene may 
be required for inhibition, and in mutants of the 
particular gene, sufficient copies of the gene product 
for inhibition of RNA and protein synthes is may be 
translated from the RNA of 'leak' or revertant progeny 
in the mutant population. Under these circumstances, 
such a defect would be very difficult to detect in tes ts 
of physiological function. 
Cooper et al., obtained ts mutants of poliovirus 
that were defective in their capacity to inhibit cellular 
DNA synthesis during infection. If the same gene is 
required for inhibition of DNA synthesis as for the 
inhibition of RNA and protein synthesis, then a greater 
number of copies of the particul ar gene product may be 
requi re d to bring about inhibition of DA, and their 
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de t ection in a mutant population would t hu s b e 
easier. Alternatively , two separa t e gene functio n s rniy 
be present, one concerned with DNA and the other wi t h 
RNA and protein s y nthesis inhibition. 
Evidence that only a small proportion of gene 
products is required for inhibition come s f rom t h e 
finding (Garwes, 1966) that the 'cel l kill ing ' prope r t y 
of certain ts mutants (measured by the es t imate of 
cellular uptake of trypan blue) is no t affecte d at 39.5°c, 
under conditions in which viral growth and t he 
production of capsid antigen do not occur. It may b e 
expected that fewer copies of all gene produc t s are made 
in these circumstances, implying that a smal ler numb er 
of molecules are required for this gene func tion than 
for, say, viral RNA synthesis. 
In con trast to the situation for the hypo thetical 
inhibitor protein, mutants with single defe cts i n the 
genes which specify virion proteins a re r e adily 
de t ectable in tests of physiological functi o n , s uch as 
in vitro thermolability (McCahon and Cooper , 1969). 
2. Polymerase Studi es 
An enzyme activity was observed in cytoplasmic 
extracts of polio irus-infected U c ells with many 
properties of a viral RNA polymerase. This activity 
catalysed incorporation of ribonucleo s ide triphosphate 
into TCA insoluble material with the properties of RNA 
in the presence of the other three ribonucleoside 
triphospha tes. It was shown that the product of the 
polymerase consisted of a complex of single- and d ouble-
stranded RNA and a similar product has been reported 
for the polymerases of mengovirus (Plagemann and Swim, 
1968), foot-and-mouth disease virus (Arlinghaus and 
Polatnick, 1969) and poliovirus, prepared from infected 
HeLa cells (Girard, 1969). However, the highest 
sedimentation coefficient of the complex in Figure 10 
was around 20S, compared with values of 28 Sor greater 
for the complexes described by other workers, and there 
is eviden e to suggest that this difference may be caused 
by the action of ribonucleases upon single-strande d RNA 
in the complex. 
Preparations of polymerase induced by the RNA 
negative mutants ts-20 and -28 were shown to be quite 
stable in vitro compared with the polymerase of ts+ 
(Figures 15 and 16). However, mutant ts-20, in 
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comparison with ts+ was defective in its capacity tc 
induce polymerase during growth over a temperature ra1 ... g0 
of 33° - 39.5°c (Figure 14). The optimum tempera ture 
for the induction of ts-2 0 polymerase was 34.5 - Jj°C, 
compared with 37°c for ts+ 
In vivo differences in the RNA produced in response 
to infection with ts-20 and -28 at 39.6°c indicate that 
two thermolabile gene functions are responsible fo r 
RNA synthesis (Cooper et al., 1969). Mutant ts-20 was 
shown to be defective in its capacity to synthesise 
both single- and double-stranded RNA after growth at 
restrictive temperatures, whereas, under the same 
conditions, ts-28 allowed the synthesis of only double-
stranded RNA. Cooper et al., suggested that the ts 
defects of ts-20 and -28 were representative of enzymes 
I and II of the polymerase complex, being responsibl e 
for the synthesis of double- and single-stranded RNA, 
respectively. 
The findings of Experimental Section 2 may be 
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Differences in polymerase levels induced b_ 1• J.~ :~,) 
compared with ts+ (Figure 14) may be due to def'ec t~.; in 
a viral-coded cell 'priming' mechanism required for 
polymerase synthesis (A). However, 11a te' defects i11 
+ polymerase induction by ts -20 and other mutants :from 
step-up experiments (Figure 1J) argue against such a 
mechanism, i.e., inhibition can occur even at times when 
considerable amounts of polymerase have been synthesised. 
These experiments do,however,suggest that the particular 
gene product concerned has a rapid turnover. 
These observed differences may be due not to the 
induction of low polymerase levels by ts-20, but to 
mistakes in the transcribing mechanism of substituted 
polymerases during in vitro incubation (E). However, 
evidence that this is not so can be seen in Figure 16, 
where no difference in the activity of ts-20 polymerase 
compared with that of ts+ and -28 occurred over a 
range of temperatures. 
A substituted cofactor or precursor induced by 
ts-20 and not the actual polymerase molecule may be the 
thermolabile gene product which is responsible for the 
differences with the polymerase of ts+ (Band C). 
The in vitro stability of polymerases induced at 37.2°c 
by ts+-20 and -28 supports this concept,but it is also 
1 52 
possible that ts-20 polymerase is unstable .ig_~~' 
+ compared with ts, but be omes stabilised during 
extraction from cells. Given the data in Experimental 
Section 2, it is not possible to distinguish betl\?een 
either possibility. 
Martin (1969) was also unable to detect difference~ 
in the in vitro stability of polymerases induced by RNA 
negative mutants of Semliki Forest virus and by the 
wild type strain. Priess and Eggers (1968) found that 
a thermosensitive event in the production of viral 
polymerase was associated with the inability of a Sabin 
vaccine strain of poliovirus to replicate at temperatures 
around 4o 0 c. Once induced, the polymerase was stable at 
4o 0 c. However, the nature of the genetic defect or 
defects in Sabin strains is completely unknown (they 
are probably multiple; P.D. Cooper, personal communic ation), 
and it is not possible at present to draw comparisons 
between the polymerases of Sabin strains and RNA negative 
mutants. 
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J. Molecular Weight Studies with Viral RNA 
Poliovirus RNA was shown to have a molec u ~r re " gh~ 
6 greater than the figure of 2.0 x 10 daltons accep ted 
for TMV RNA (Boedtker, 1960), but the precise value for 
poliovirus RNA cannot yet be determined due to 
uncertainties in the interpretation of results obtained 
by different methods. Uncertainties arise from:-
1. Lack of information as to whether formaldehyde or 
DMSO fully eliminate RNA secondary structure in 
centrifugation studies i.e., whether any additional 
bonding exists between groups that do not react with 
these denaturants. 
2. Doubts as to the capacity of 15-30 per cent (w/v) 
sucrose gradients containing formaldehyde fully to 
resolve differences in molecular weight between 
poliovirus and TMV RA that are suggested from 
sedimentation studies. 
J. The possibility that RNA secondary structure as 
well as molecular weight may be a determinant of 
ele trophoretic mobility in polyacrylamide gel s. 
There is much evidence to suggest that all RNA 
se ondary structures are removed after treatment with 
formaldehyde at 6o 0 c or DMSO at room temperature 
(Boedtker, 1967, 1968a; Katz and Penman, 1966; Strauss 
et al., 1968). However, when mixtures of TMV and 1 28 S 1 
ribosomal RNA were treated in gradients contai r:i ng 
either denaturant, a higher molecular weight for '28 S 1 
ribosomal RA over T\ilV RNA was obtained in the presence 
of formaldehyde. This result may be peculiar to the 
use of 1 28 S' ribosomal RNA with unusual intramolecular 
structures, as was suggested by Fenwick (1968), but it 
also raises some doubts as to the efficacy of both 
formaldehyde and (particularly) DMSO as denaturants. 
If formaldehyde is a complete denaturant for the 
types of RNA examined in Experimental Section J, then 
the resolution afforded in 15-JO per cent sucrose 
gradient containing formaldehyde ip relatively poor. 
This is suggested from Figure 19 where the peak for 
poliovirus RNA, with an anticipated twofold difference 
in molecular weight over R17 RNA, appears only two 
fractions ahead of the latter. Under these 
circumstances, relatively larger differences may exist 
ln molecular weight between poliovirus aJ1d TMV RNA than 
are suggested from Figure 17 ( and IJ. 
A good correlation between electrophoretic mobility 
and molecular weight was obtained for several R1 A species 
(Figures 22, 23) which normally have varying degrees of 
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internal se ondary structure (Gesteland and Boed t k e r, 
1964; Sprecher- Goldberger, 1967). This gave a 
4 6 X 106 molecular weight for poliovirus RNA of 2. 0 - 2 . 5 
daltons by extrapolation. However, when RNA secondary 
s tru tures in poliovirus and TMV RNA were ran oved with 
formaldehyde prior to electrophoresis, a pattern 
unrelated to molecular weight was obtained (Figure 24) . 
This may be due to partial refolding of the RNA species 
in the absence of formaldehyde or to binding of the RNA 
to the gel. 
It would be desirable in electrophoretic studies 
with poliovirus RNA to use RNA markers with molecular 
weights in the range 2.0 - J.O x 106 daltons, in order 
to a oid the need for extrapolation. Two recently 
haracterised RNA species, J2 S ribosomal precursor RNA 
6 (M . W. 2.4 x 10; M Conkey and Hopkins, 1969) and Rous 
sar oma virus RNA (M . W. approximately J.O x 106 ; 
Duesbe g 1968b) might be useful in this regard. 
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